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ABSTRACT 
is 
The aim of the present study>to investigate some in-
organic crystals by X-ray diffraction and electron paramagnetic 
resonance techniques. The crystals investigated are: 
(i) Sodium nitrate and silver nitrate [NaNO^:AgNO^] mixed 
crystals in different proportions, 
(ii) Potassium nickel bromide monotiydrate [KNiBr2.H20], 
(iii) Strontium formate dihydrate [Sr(HC00)2.2H20]. 
(iv) Guanidinium uranyl sulphate trihydrate 
(S04)2U02[C(NH2)3]2»3H20^. 
The investigation of mixed crystals is important because the 
physical and chemj.cal properties of the mixed crystals are quite 
different from those of its components. The substances so 
developed have found wide use in science, technology and indus-
try. The compounds which on mixing form solid solutions are 
generally isomorphous but in some cases compoun of different 
crystal structure can also form solid solution though with 
limited solubility. NaNO^tAgNO^ system is an example of this 
type where AgN03 (orthorhombic) is soluble in NaNO^ (Trigonal) 
upto 20 mole percent. The mixed crystals of NaNOo and AgNO^ 
by dissolving the compounds in molar ratios of (4:1, 3:1, 2:1, 
1:1) were grown and their constituents were tested by electron 
probe microanalyser and structure were determined by X-ray 
diffraction. It was found that the mixed systems were solid 
solutions of NaNOo and AgNO^ where there was no long-range 
2 : 
order present in the crystalline structure. The structure of 
the mixed crystals was found to be trigonal (Ro(-) as that of 
NaNOo and with the same lattice parameters. It was concluded 
that the solid solution is formed by substitutional replace-
ment of Na by Ag in NaNO-^  structure and this replacement can 
proceed upto a certain limit only. An explanation has been 
put forward to explain the limited solubility of AgNO^ in NaN03. 
2+ The EPR of the mixed crystals was also tried by doping Mn in 
the lattice. But it did not furnish much information as there 
was no fine structure in the spectrum. The absence of fine 
structure in the EPR spectrum has been attributed to disordered 
motion of NO^ ions around the cations. 
There is tremendous activity in the investigation of 
compounds of the_ general formula Am B Cr^ .pH20 where A is first 
group element (Na, K, Rb, Cs etc.), B-second group ele-
ment (Mn, Ni, Co etc.) and C-a halogen atom (F, CI, Br), 
m, n and p are numbers and generally m = 1 or 2, n -- 3 or 4 
and p = 0 or any integer. KNiBro«H2C belongs to Lhi;, cldss. 
The crystal has been grown for the first time and it', struc-
ture has been determined by X-ray diffraction.. The liPR ;-pec-
2+ trum of this crystal doped with Mn shows some very interestinrj 
features. Cross-relaxation between paramagnetic ions of the 
2+ host and the dopant Mn seems to determine the lino .vidth of 
the spectral lines. 
The study of strontium formate dihydrate was taken up 
to fulfil a part of the programme of this laboratory. Other 
workers in the laboratory have investigated formates of Barium 
and Calcium and therefore, the work on Sr(HC00)^2H20 was 
undertaken. The crystal structure study of Sr(HCCX))2.2H20 had 
already been done but the work was repeated by us inorder to 
determine the crystallographic axes and planes. The EPR study 
2+ 
of this crystal doped with Cu was found to be quite interest-
ing, in so far as that the whole spectrum could be interpreted 
in terms of Jahn-Teller effect. The more important factor is 
that the Jahn-Teller effect was found to persist even upto room 
2+ temperature. Another remarkable feature is that tlie Cu 
impurity is found to enter the lattice both subctitutionally 
and interstitially. 
The crystal structure of guanidinium uronyl ouif4i.jte 
trihydrate had been thoroughly studied but there V/,IG rio EPR 
study on this crystal which would provide information about the 
site symmetry of the dopant in the crystals. l/\/ith this end in 
view the EPR study of guanidinium uranyl sulphate trihytJrate 
2+ 2+ . 
doped with VO was undertaken. VO impurity is found to 
enter the lattice interstitially and they are found to form 
two magnetic complexes. 
The dissertation has been divided into five chapters. 
The chapter 1(a) summarises the theory of X-ray diffraction 
and the chapter 1(b) summarises the theory of electron para-
magnetic resonance. In both chapter 1(a) and l(b), an attempt 
has been made to restrict the summary to those ideas and 
formulations which have often been used in this work. 
Chapter II deals with the X-ray diffraction and EPR study of 
mixed systems (NaNO^: AgNO-^ ) at different concentrations. 
Chapter III deals with the crystal structure and EPF-l study of 
KNiBr3.H20. The results of the study on Sr(HC0u)2.2H20 is 
given in chapter IV. The results of EPR study on guanidinium 
uranyl sulphate trihydrate is presented in chapter V. 
X-Ray And Electron Paramagnetic 
Resonance Study of Some 
Inorganic Crystals 
MD. IMTIAZUL HAQUE 
THESIS SUBMITTED FOR THE DEGREE OF 
Boctor of ^liilusfopbp 
IN 
Physics 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
1986 
T3285 
DEDICATED 
to the 
Sweet Memories 
of my Father 
C E R T I F I C A T E 
Dr. R.J, Singh, 
Department of Physics, 
Aligarh Muslim University, 
Aligarh. 
Certified that the work presented in this thesis 
is the original work of Mr. Md. Imtiazul Hague done 
under my supervision. 
^f^^-lk 
( R.J. Singh ) 
ACKNOWLEDGEMENTS 
My sincere thanks are due to Dr. R.J. Singh, Reader, 
Department of Physics, A.M.U., Aligarh for guidance and cons-
tant encouragement throughout this work. 
I take this opportunity to express my sincere thanks to 
Dr. Prem Chand, Physics Department, I.I.T., Kanpur for valua-
ble help in recording and interpretation of Electron Para-
magnetic Resonance Spectra. 
Cooperation of my friend, Dr. iviohd. Umar, Physics 
Department, A.M.U., Aligarh at every stage of this work is 
gratefully acknowledged. 
My thanks are due to Prof. P.C. Mathur, Physics Depart-
ment, Delhi University, Delhi for extending EPMA facilities 
for testing the constituents of some crystals investigated 
here. 
My thanks are due to Prof. M. Shafi, Chairman, Depart-
ment of Physics, A.M.U., Aligarh and Prof. M.Z.R. Khan, 
Prof. ivi.S. Swami and (Late) Prof. M.L. Sehgal (former Chairmen 
of the Department) for extending facilities and constant 
encouragements. 
My thanks are also due to my friends Drs. Shamim Ahmad 
Ansari, Fazal Mahmood, Abdul Qaiyum, Rahimullah Khan. 
Financial support from the U.G.C. in the form of Junior/ 
Senior Research Fellowship is gratefully acknowledged. 
In the end I wish to express my thanks to Mr. Mohd. Rashid 
for the neat and patient typing and Mr. Naseem Ahmad for 
tracing the figures and to all others who have been of help 
in shaping the thesis. 
( Md. Imtiazul Hague ) " 
C O N T E N T S 
Acknowledgements 
Preface 
Paae 
CHAPTER - 1(a) 
Fundamentals of X-ray Diffraction Theory 
History and nature of x-rays .. ... 
The powder method ... ... 
Indexing of Powder photographs 
Graphical method ... ... 
Analytical method ... ... 
Intensity calculations for diffraction 
lines in a powder pattern ... ... 
Single crystal oscillation and rotation 
methods ... ... ... 
Experimental arrangement for the rotation/ 
oscillation photograph ... ... 
Reciprocal lattice coordinates: Bernal chart .. 
References ... ... ••• 
CHAPTER - Kb) 
Fundamentals of Electron Paramagnetic Resonance 
Theory 
Historical ... 
Origin of paramagnetism 
Theory of EPR ... 
Relaxation processes 
Spin lattice relaxation 
01 
02 
05 
06 
07 
09 
12 
12 
13 
15 
16 
16 
17 
21 
21 
Direct process ,. . 
Raman process ... 
Orbach process ... 
Spin-spin relaxation 
The spin-Hamiltonian 
Fine structure parameters 
Hyperfine constants 
Jahn-Teller effects 
References 
CHAPTER II 
Study of NaN03-AgN03 Solid Solutions 
Introduction 
Experimental details 
Results and discussion 
Conclusions 
References 
Page 
22 
22 
22 
23 
23 
26 
26 
26 
31 
37 
38 
49 
50 
CHAPTER - III 
Study of Single Crystal of Potassium Nickel 
Bromide Monohydrate 
Introduction 
Experimental details 
Results and discussion 
Conclusions 
References 
52 
53 
54 
61 
63 
faqe 
CHAPTER - IV 
Study of Single Crystal of Strontium Formate 
Dihydrate 
Introduction 
Crystal structure 
Experimental details 
Results and discussion 
Conclusions 
References 
65 
66 
66 
69 
73 
74 
CHAPTER - V 
Study of Single Crystal of Guanidinium Uranyl 
Sulphate Trihydrate 
Introduction 
Crystal structure 
Experimental details 
2+ Theory of VO ion 
Analysis of the spectra 
Results and discussion 
Conclusions 
References 
76 
78 
78 
79 
80 
81 
83 
84 
- oOo -
PREFACE 
This thesis describes the results of the investigations 
on some inorganic crystals by x-ray diffraction and electron 
paramagnetic resonance techniques. The crystals investi-
gated are: 
i) Sodium nitrate and silver nitrate [NaNO^:AgNO^] mixed 
crystals in different proportions, 
ii) Potassium nickel bromide monohydrate [KNiBro«H20]. 
iii) Strontium formate dihydrate [Sr(HC00)2.2Hp0]. 
iv) Guanidinium uranyl sulphate trihydrate 
5(S04)2U02[C(NH2)3]2-3H20'V. 
All the investigations presented herein have been carried out 
for the first time. The x-ray studies have been carried on 
single crystals and powders at room temperature (RT). For 
EPR study the spectra have been recorded by rotating the 
crystals in all the three crystallographic planes. 
The dissertation has been divided into five chapters. 
Chapter 1(a) describes in brief, the fundamentals of x-ray 
diffraction theory: indexing of powder photographs, inter-
pretation of single crystal oscillation and rotation photo-
graphs and analysis of photographs employing reciprocal 
lattice coordinates (Bernal chart). Chapter 1(b) gives a 
brief introduction to the phenomenon of EPR: the general 
theory of EPR, spin-Hamiltonian technique and relaxation pro-
cesses. A brief description of Kramer's theorem and Jahn-Teller 
effect is also included in this chapter. 
Chapter II deals with the x-ray diffraction and EPR 
study of mixed systems (NaNO^: AgNO-) at different concentra-
tions. X-ray diffraction study of solid solution of NaNOn 
and AgNOo indicates that the crystals which were grown from 
binary mixtures of sodium nitrate and silver nitrate in 
different molar ratios form a continuous solid solution upto 
a certain limit in which NaNOo is predominant. A possible 
2+ 
explanation of this has been given. EPR study of iVin doped 
in solid solutions of NaNO^ and AgNO^ reveals that there is no 
fine structure splitting of the spectrum and this is probably 
due to the fast changing orientation of NOl round cations. 
Chapter III deals with the crystal structure and EPR 
study of KNiBr^.HpO. The crystal structure of KNiBr^.H^O at 
room temperature has been determined by recording the x-ray 
diffraction pattern of the crystal by rotation-oscillation and 
Debye-Scherrer cameras. The x-ray study reveals that the 
crystal belongs to monoclinic system with the cell dimensions 
a = 6.00 X, b = 21.28 ^, c = 15.12 A and fi = 99.7° with 
2 = 8 molecules per unit cell. The space group of the crystal 
was found to be P2JLA. The EPR spectrum of this crystal shows 
some interesting features. In the angular variation study, 
as the angle is increased, the fine structure components seem 
to loose intensity and ultimately vanish. This observed 
feature can be explained as due to the magnetic interactions 
2+ 2+ 
between Mn and the host ions Ni , Cross-relaxation 
between paramagnetic ions of the host seems to determine the 
line width of the spectral lines. 
Chapter IV contains X-ray and EPR studies of single 
crystal of strontium formate dihydrate. X-ray study was a 
sort of repetition to locate the axes and crystallographic 
planes. EPR study of Cu^ "*" ion in Sr(HC00)2.2H20 were carried 
out at room temperature. The spectrum on the whole is of 
unusual nature. The spectrum was interpreted in terms of 
2+ Jahn-Teller effect. Cu is incorporated in the lattice both 
2+ 
substitutionally and interstitially. Substitutional Cu is 
found to be in nearly cubic environment and^^c distortion is 
2+ 
responsible for Jahn-Teller effect. The interstitial Cu 
finds itself in octahedral field which undergoes Jahn-Teller 
splitting due to p., coupling. 
2+ 
Chapter V contains the EPR study of VO doped ferro-
electric guanidinium uranyl sulphate trihydrate. The EPR study 
2+ 
of guanidinium uranyl sulphate trihydrate shoves that VO 
enters the crystal interstitially at two distinguishable sites 
and the resulting vanadyl complexes have nearly axial symmetry. 
The analysis indicates a large contribution to the hyperfine 
constant by the unpaired S-electron and probably also by the 
contribution from spin polarization. No phase transition was 
observed in guanidinium uranyl sulphate trihydrate from room 
temperature to liquid nitrogen temperature. 
CHAPTER - 1(a) 
Fundamentals of X-ray Diffraction Theory 
History and nature of x-rays 
X-rays were discovered in 1895 by the German physicist 
Roentgen and were so named because their nature was not known 
at that time. Like ordinary light x-rays are transverse elec-
tromagnetic radiations but of very short wavelength. The 
wavelength of x-rays ranges from vacuum ultraviolet light to 
gamma rays. But here we shall consider only those wavelengths 
which is commonly used for x-ray crystallography. 
The wavelength of the electromagnetic radiation required 
for diffraction effects from crystals is of the same order as 
the interatomic distances, say from 1 to 4 A. From the Bragg 
equation Sin 0 = ^/2d < 1, follows that d > ^^2, so that 
for a given wavelength, the smallest spacing which will give 
rise to diffraction is X/2. Therefore it may be concluded 
that for studying diffraction from crystals x-rays should 
have a wavelength of about 1 A. 
The other desirable property of the radiation is that it 
should be monochromatic and should be of high intensity. 
These characteristics is found in the Ka x-ray spectral 
lines of the elements from silver to chromium. The wavelength 
of these Ka components range from 0.56 - 2,29 A and they can 
be isolated from the other components to give monochromatic 
x-ray with the help of suitable filters. 
X-ray diffraction gives information about the dimension 
of the unit cell in the lattice, i.e., the lengths of the axes 
of the unit cell and the interaxial angles. The measurement of 
intensity of the diffraction spots provide information about 
the location of atoms inside the unit cell. There are various 
methods of recording x-ray diffraction pattern, such as (i) 
powder method (ii) oscillation/rotation method and (iii) moving 
film methodj. Lately the recording is done by counters and the 
diffraction pattern is displayed on chart-recorders and the 
instruments are called x-ray diffractometers. In the present 
work powder method and rotation/oscillations technique have 
often been used so these will be dealt with at greater length. 
The powder method 
In this method, the sample is in a polycrystalline form 
_3 
which is an aggregate of very tiny crystals of size 10 cm 
or smaller with completely random orientation. This method 
is commonly called the Debye-Scherrer method after its first 
discoverers, 
The camera employed is a hollow cylinder, one face of 
which is permanently covered and the other face can be covered 
by a movable light-tight, friction fit cap. There are two 
holes on the opposite sides of the camera cylinder, one fitted 
with entrance post assembly to allow the collimated x-ray beam 
to fall on the specimen and the other fitted with exit-port 
assembly to remove the x-ray beam and at the same time showing 
the centering of the beam and the specimen on a fluorescent 
screen. The specimen is prepared in the form of a tiny rod 
with the help of adhesives or filled in a glass capillary 
which is thrust in a hole on a metallic rod protruding from 
the centre of the fixed face of the camera. There are provisions 
for centering of the specimen so that the cylindrical specimen 
and camera cylinder are coaxial. To ensure that sufficient 
number of crystallites are present so that they form conti-
nuous cones, it is necessary that the cylindrical specimen is 
rotated about its axis and hence a motor can be attached to 
camera assembly for this purpose. The photographic film is 
expanded directly against the inside of the metal cylinder. 
The best method of film placement was first suggested by 
Straumanis and his co-workers [l,2]. Usually the cameras are 
designed to have effective diameters of 57,3 or 114.6 mm. 
This design saves the labour of computation, because the con-
version factors from millimeter distance on the film to angle 
of arcs are 2 and 1 per mm-respectively for these two 
cameras. 
The basic principle involved in the production of powder 
pattern is Bragg's law, i.e., 2d, , •, Sin 0 = n A where d, , , is 
interplaner spacing of (hkl) planes, 0 is glancing angle 
between the x-ray beam and the (hkl) plane, A is the wavelength 
of the x-ray used and n is an integer. When x-ray beam falls 
on the specimen and whenever the Bragg's condition is satis-
fied, a reflection occurs in a direction making an angle 20 
with the direct x-ray beam. The locus of directions making an 
angle 20 with a given direction is a cone of half opening angle 
20. These cones are numerious corresponding to different planes 
in the crystal and intersect the cylindrical film in the Debye-
Scherrer camera in the form of nearly circular arcs. The dis-
tance S between the similar arcs corresponds to 40 and if R is 
the radious of the camera we have, 
S = 40R (0 expressed in radians). 
0 for each cone can be easily determined by measuring S when 
the film is opened out. In order to evaluate 0 correctly it 
is necessary to effect corrections for shrinkage error which 
is invariably present when the photographic film has been 
washed and dried. In addition to the shrinkage of the film, 
there are several other possible sources of errors in the 
measurement of 0 and hence the d values. Some of the important 
ones are a) eccentricity of the specimen b) refraction of 
x-rays by the specimen c) displacement of the powder line as 
recorded on the two opposite faces of the film d) divergence 
of the x-ray beam and e) absorption of x-rays by the specimen. 
If the specimen is shifted parallel to the axis towards the 
entry of the x-ray beam the two corresponding diffraction 
lines will move farther and thereby increase 0 from the true 
value. The reverse will be the case for displacement towards 
the exit of the beam. This type of error was analysed initia-
lly by Bradley and Jay [3] who found that these errors were 
2 proportional to Cos 0. 
Since the index of refraction for all the materials is 
nearly one. therefore^ the error due to refraction of x-rays is 
negligible. The errors caused by the divergence and the ab-
sorption of x-ray beam are more serious ones. Bradley and Jay 
found that although they produce different effects, they lead 
to similar results. In the presence of divergence and absorp-
tion the centre of the powder line cannot be taken to represent 
the true Bragg position. There have been several attempts by 
Taylor and Sinclair [4] to determine the form of the error 
functions representing the various errors. Nelson and Riley[5] 
suggested the best function leading to accurate experimental 
2 2 
results corresponds to [1/2 (Cos Q/Sin 9 + Cos 0/9)]. In order 
to apply this function for eliminating systematic errors and 
to determine the accurate lattice parameter, the lattice 
parameter is determined for each value of the Bragg angle 9. 
The error functions are read for each value of 9 from the 
standard tables. 
Indexing of powder photographs 
The indexing of the powder pattern can be categorized 
into two classes. One^where the unit cell of the substance is 
known, and the other where it is unknown. In the former case 
the indexing is rather simple and one has to devise means to 
get the indexing done quickly and unambiguously by comparing 
2 its Sin 9 and intensity values with data for known substance. 
However, when the unit cell is not known the indexing is 
difficult, and in most cases trial and error methods are the 
only ways open for assigning indices to the various powder 
lines. There are two possible procedures which may be employed 
for this purpose - the graphical and analytical method. 
Graphical method 
In the case of higher symmetry systems it is possible to 
draw curves between the d spacing (or quantities related to 
them) and the cell dimensions. To index the experimentally 
observed powder pattern, the d spacings are plotted and com-
pared directly with the theoretical curves and when one to one 
match between the two is obtained, the indexing is readily 
achieved. 
Several graphical methods such as those suggested by 
Bjurstron [6] and Hull and Davey [7] have been employed to 
bring out indexing of the powder lines. vVe shall discuss the 
construction of Hull-Davey charts for the cubic systems. For 
2 2 2 
a cubic system from the equation d = a/V"h + k + 1 we 
plot log d versus log a on a graph paper. In order to 
employ the graph to index the reflections, the experimentally 
observed d-values are marked on a strip of paper which is 
placed parallel to the x-axis. By suitably sliding it para-
llel to the X and y axes, we obtain a match between the observ-
ed and plotted values. 
Analytical method 
The analytical method was first proposed by Hesse [8] and 
later by Lipson [9]. Later several workers made significant 
contribution to the application of analytical methods. In 
this method^ mathematical relations have been derived connect-
ing interplanar spacing of planes on one hand and the indices 
of the crystallographic planes and the lattice parameters on 
the other. They may be expressed as the Sin of the glancing 
angle on one hand and the lattice parameters and indices of 
the planes on the other. In both cases a particular reflec-
tion is chosen and some arbitrary value is assigned to lattice 
constants and the (hkl) indices and the right hand expression 
is computed. If it tallies with the value of left hand side 
representing the observed value, same procedure is repeated 
for all the other reflections. If in each case the agreeoient 
is found to be good, (hkl) indices of the reflections and the 
lattice constants of the crystal stand determined. If the 
system is completely unknown, the safe procedure is to try the 
simplest system i.e. cubic, if not, then next tetragonal and 
so on, to systems of lower symmetries. The relations [lO] 
between the value of d, the distance between adjacent planes 
in the planes (hkl), may be expressed as: 
9 9 9 9 9 
Cubic : l / d^ = h + k + 1 / a 
-r 4. 1 1 IA^ h + k , 1 
Tetragonal : 1/a = -i^ + -^ 
a c 
2 2 2 
u 1 1/^2 4,h -f hk + k ^ ^  1 Hexagonal : l/d = •^\ j j + —j 
a c 
Rhombohedral : 
1 ^ (h^ + k^  ->- 1^) Sin^g + 2(hk + kl +hl) (Cos^g - Cos a) 
? a^(l-3 Cos^g + 2 Cos^g) 
2 2 2 Orthorhombic : 1 h ^ k . 1 
"2 = "^ -^  -^ -^  ~ d a b c 
Monoclinic : 
1 1 /h^ ^  k^Sin^P ^ i2/ 2 2hlCosBx 
"2 = ^. 2„ ^-1. + .2 + 1 /c - ^ ) 
d S m p a b 
Triclinic: 
:3 = :^ ^^11 h^ + ^22 k^  + S33 1^ + 25^2 ^ ^ -^  2S23 '^^ 
d V 
+ 2S3j^  hi) 
where 
V^ = a^b^c^ (1-Cos^a - Cos^p - Cos^y + 2Cos g Cos p Cos y) 
2 2 2 S,, = b c Sin g 
S22 = a c Sin p 
c 2,2 „. 2 
33 ~ ^ ^ S^ '^  Y 
o 
S-,2 = abc (Cos a Cos jS - Cos y) 
S,o = ab c (Cos Y Cos a - Cos p) 
When the system is of lower symmetry, it is advisable to use 
2 
expression for Sin 0 in terms of the reciprocal lattice. For 
the triclinic system the relation in terms of reciprocal 
lattice parameters are as follows: 
Sin 0 = ^ [h'^a "^  + k b + 1 c ^ + 2klb c Cos a 
+ 2hlc a Cos |3 + 2hka b Cos y ] 
where 
* be c • r>^ ^ ~* Cos |3 Cos Y - Cos g 
a = -Y S m a, Cos « = g m |3 Sin y 
,* ca e-„ Q nr.r~ Q* - Cos Y Cos tt - Cos p 
b =Y-2^'^P» C°^ P = Sin Y Sin a ^ 
c = ab ciri Y Cos Y* = Cos a Cos p - Cos Y V ^^" ^' ^° ^ Sin a Sin p 
2 
and V = abc ( 1 + 2 Cos a Cos p Cos Y - Cos a 
Cos^p - COS^Y)'''^^ 
Intensity calculations for diffraction lines in a powder 
pattern 
The intensity of a diffracted beam is proportional to the 
square of the summation of the amplitudes of scattered waves 
(taking their phases into consideration) from the various 
atoms in a unit cell extended to all the unit cells in the 
irradiated volume. As such it may be possible to find out the 
coordinates of the atoms by a careful consideration of the 
relative intensities of the diffracted beams. In actual 
practice the relative intensities of beams are evaluated with 
the assumption of a specific spatial atomic distribution and 
compared with the experimentally found intensities. When the 
two match, the assumed spatial distribution is correct. 
The relative intensity, Iu.i,i> of a diffraction line of a 
powder pattern is defined by 
Ihici a|F^^^|^.p.(L.P.).A. exp(-2M) 
where F, . ^ is the structure factor, p the multiplicity factor, 
L the Lorentz factor, P the polarization factor and e~ 
depends on temperature where M is a function of Sin 9 ^ and 
the mean square displacement of the atoms in a direction 
perpendicular to the (hkl) plane. 
The structure factor is defined by the equation, 
N 
h^kl = I n^ ^ P^ 2^ ^^  (h% + kv^  + IWn) 
where f represents the atomic scattering factor of the nth 
atom in the crystal with positional coordinates u v w . 
n n n 
The summation extends over all the atoms in the unit cell. 
The atomic scattering factor, f, depends on the value of 
Sin 0/\ ; when 9 = 0 , f is equal to z, the atomic number of 
the element. If the substance under consideration has a dis-
ordered structure then f for all positions in the structure 
is qiven by f = Z w..f. where w. is the atomic fraction of 
^ ' av fi 1 1 1 
the element i and n the number of elements present in the 
material. If the structure is ordered then there is a 
definite arrangement of the atoms and there is no need to 
use f^^. 
The multiplicity factor refers to the total number of 
planes of a particular kind contributing to a powder diffrac-
tion line. The Lorentz polarization factor for powder method 
with unpolarized incident beam is defined by the term 
2 2 1 + Cos 2©/Sin 0 Cos Q. The absorption and the temperature 
effects vary in opposite manner and to a first approximation 
they may ba assumed to cancel each other as long as inten-
sities of lines not differing widely in 0 values are consider-
ed. The equation for intensity is thus effectively reduced 
to 
T ITT |2 1 + Cos^ 2Q 
^hkl'^l^hkl' P T^^^^TTZTZ 
S m 0 Cos 0 
The factors like multiplicity p, Lorentz-polarization factor, 
temperature and absorption factors are tabulated in standard 
tables. In first approximation absorption and temperature 
effect can be jointly neglected and the problem with which 
the worker is confronted is the calculation of the structure 
factor. 
Single crystal oscillation and rotation methods 
Although the powder x-ray diffraction method is widely 
used and is the only feasible method when single crystals are 
not available, it is not a suitable method for the determina-
tion of structure because of the multiplicity factor and 
difficulty in indexing. In order to overcome the difficulties 
mentioned, the rotation and oscillation methods are used 
whenever single crystals are available. In this method the 
measurement of lattice constants as well as the indexing of 
reflections can be easily accomplished. The intensities of 
individual reflections can be measured for structure deter-
mination. The oscillation method also forms a preliminary 
step for the more sophisticated moving film methods. 
Experimental arrangement for the rotation/oscillation 
photograph; 
In the oscillation and rotation methods, a monochromatic 
beam of x-rays is employed, which is adjusted to travel along 
a horizontal direction. The x-ray beam is made incident on 
a crystal which is mounted so that one of its zone axis or a 
crystallographic axis is coincident with the axis along which 
the crystal is to be rotated or oscillated. A single crystal 
is mounted so that one of its axes is vertical and the 
crystal rotates continuously about this axis during the 
exposure. The monochromatic primary beam defined by a colli-
mator is horizontal and perpendicular to the axis of rotation. 
For a rotation about any axis a., there will be a layer 
line pattern, and letting n denote the number of the layer 
line we can write the condition in the general form 
where tan |i^  = Yj^ /R ... (2) 
From the measured distances Y between the equator and 
n 
the nth layer line we obtain tan 6 from equation (2) and 
using the corresponding value of Sin 6 in equation (1) we 
obtain directly the axial length |a.|. 
Reciprocal lattice coordinates; Bernal chart 
For recording rotation/oscillation photographs, both 
flat plate and cylindrical cameras can be used but the latter 
is preferred due to various reasons. The analysis of the 
rotation/oscillation photograph is easier in terms of reci-
procal lattice vectors. 
Since a cylindrical film is employed, it is most con-
venient to use cylindrical coordinate to define the reciprocal 
lattice vectors and their terminal points. The reciprocal 
lattice vector ^Y\kl ^^ represented by two mutually perpendi-
cular vectors^ (along the rotation axis)5 in the horizontal 
plane (plane perpendicular to the rotation axis) containing 
the x-ray beam. The third parameter apecifying the reciprocal 
lattice vector is the angle ^ formed by the x-ray beam and 
the plane containing "^  and "^  . 
Here, r = 5 + ^ 
and r ~ x o 
The vertical coordinate *t has a special significance, since 
all the reciprocal lattice points which have a constant"^ 
value lie in a plane normal to the rotation exis. Such a 
plane corresponds to a layer line on the oscillation (rota-
tion) photograph. Thus a layer line is characterized by a 
particular value of ^  . The zeroth layer line has ^ = 0, 
the first layer line has \ = '\-, and second layer line has 
^ = Z^ and so on. The reciprocal lattice points having a 
constant^value lie along a cylinder whose axis is coincident 
with the rotation axis. 
The contours of constant "^  and fe are important in the 
interpretation of oscillation (rotation) photographs. A 
chart exhibiting such curves as they would appear on the 
film, was first prepared by Bernal [ll] and is called a Bernal 
chart. The scale used in the chart depends on the distance 
from the crystal to the film, i.e. the camera radius. 
Transparent Bernal charts are prepared which can be super-
imposed directly on the photographic film so that the *?• and ^ 
coordinates of x-ray reflections occurring on the oscillation 
(rotation) photographs can be read directly. There are several 
ways of indexing rotation and oscillation diffractograms, 
both analytical and graphical. 
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CHAPTER - Kb) 
Fundamentals of Electron Paramagnetic Resonance Theory 
Historical 
The seeds of magnetic resonance phenomena were laid by 
Gorter [l] in 1936 when he demonstrated that a paramagnetic 
salt when placed in high frequency alternating magnetic field 
absorbed energy which is influenced by the application of a 
static magnetic field either parallel or perpendicular to 
the alternating magnetic field. In 1945 Zavoisky [2] in 
Russia and Cummerow and Halliday [3] in USA obtained the 
first paramagnetic resonance absorption spectra. Since then 
the phenomena of paramagnetic resonance has become quite 
useful tool in fundamental research. 
Origin of paramagnetism 
Paramagnetism occurs when a system of charges has a 
resultant angular momentum. Among these, the following may 
be mentioned. 
(1) The transition group of elements containing 3d, 4d, 4f, 
5d and 5f electrons. 
(2) Atoms having odd number of electrons such as atomic 
2 hydrogen with its ground state S, /^ . 
(3) Oxygen gas with the molecules in the triplet ground state 
(4) Organic free radicals such as diphenylpicrylhydrazyl, 
(DPPH), having an unpaired electron. 
If a substance is not paramagnetic, it can be exposed to high 
energy radiation [4] or subjected to mechanical stresses [5] 
so that normal bonds are disrupted and paramagnetic species 
are formed. 
Theory of EPR 
Kramer's theorem is the basic tool for the understanding 
of electron paramagnetic resonance. Kramer's theorem is con-
cerned with the effect of crystal field on the degeneracy of 
the ground state. It states that in the absence of external 
magnetic fields the electronic states of any molecule with an 
odd number of electrons are ameast doubly degenerate. This 
theorem implies that all the complicated ligand-field splitt-
ing, spin orbit coupling and electron spin-spin interactions 
in transition metal ions can never remove the degeneracy of a 
state with spin S = 1/2. Kramer's theorem also applies to 
quartet states, S = 3/2 where the zero field splitting pro-
duces two "Kramer's doublets" or degenerate pairs of states 
with m = + 3/2 and m = + 1/2. Kramer's theorem depends on 
the invariance of the electronic Hamiltonian under the symmetr/ 
operation of 'time reversal' which reverses the spins and 
momenta of all the electrons. 
There are at^ least two states with same energy in the 
crystal field for odd electron systems and these states are 
split by the application of a magnetic field. These states 
are referred to as Kramer's doublet and assures the observation 
of EPR. 
Let us consider a charged particle such as an electron or 
a proton in a magnetic field B. When the particle spins like 
a top with a magnetic moment fi., it experiences a torque which 
tends to align it along the direction of the magnetic field. 
As the particle is spinning so it has an angular momentum, 
therefore, the magnetic moment starts precessing about the 
field direction making an angle 0 with it (Fig. 1). 
Now we apply an oscillating field B-, with frequency 1J 
which is perpendicular to this static magnetic field B. The 
function of this oscillating field is to open up the precessio-
nal angle 0 and the amplitude of precession. This is possible 
when the frequency of the oscillating field "O becomes equal 
to the frequency of precession of the magnetic moment, and at 
this stage resonance takes place. Also a large amount of 
energy is taken by the system of charges from the oscillating 
field. Generally, one expects a sharp peak due to absorption 
at the correct value of B if the magnetic field is varied. 
But in reality a broad peak is obtained. It is due to the 
fact that various factors become operative. Spins are not 
free, they are interacting with neighbouring spins and with 
the crystal lattice. The precessional or Larmor frequency "iJ, 
has an inverse dependence on the mass of the precessing parti-
cles, given by the relation 
c 
Static Magnetic Field 
IjT Magnetic Moment 
'Angle of Precession 
• •B i Oscillating Field 
Fig. 1. Motion of magnetic moment ii in a magnetic field 
B. The oscillating field Bi is perpendicular to 
the static field B. 
where e is the charge of the particle 
m is the mass of the particle 
c is the velocity of light 
B is the magnitude of the applied magnetic field. 
At resonance, B should satisfy the above condition. When 
we deal with electrons (EPR), which are about 2000 times 
lighter than proton, the frequency is pushed up by a corres-
ponding factor, as compared to the proton (NA/iR). For elec-
trons, the oscillating field frequency is ih microwave region 
(<~'10 GH ), and for protons it is in the radio frequency 
region ('>-'15 hi\H ) for the same magnetic field (?5^ 3000 gauss). 
This sets a difference in the type of instrumentation for NA/IR 
and EPR. This is the classical treatment of the phenomenon. 
Quantum mechanically the ideas can be expressed as follows:-
Consider the electron in a magnetic field B, which obeys 
L-S (Russel-Saunders) coupling, in which the total orbital 
angular momentum L and the total spin momentum S combine to 
give total resultant angular momentum J, This precesses round 
the field with a frequency O . (Larmor frequency) corresponding 
to My values, J ^ M > - J. There will be 2J + 1 energy levels 
which are equally spaced, and their energies are given by 
i 
% = ^Pe^^J ••• (2) 
where M-. = J, J-1, .... , -J + 1, -J, g is the spectroscopic 
splitting factor and pe is the Bohr magneton. 
Application of a periodic magnetic field B, Cos'>Jt 
perpendicular to the direction of static magnetic field B re-
sults in magnetic dipole transitions between adjacent levels 
such that ^M = + 1. When the resonance condition is satis-
fied one has 
This is the quantum mechanical picture of resonance. 
The quantity g in equation ( 3) is called spectros-
copic splitting factor [6] as this determines the magnitude 
of the splitting of energy levels in a magnetic field. For 
free ion the value of g is very nearly 2, Fidone and Stevens 
[7] pointed out that the effects of covalent bonding can give 
positive contribution to g while the departure from the free 
ion value of 2,002322 in either direction gives an idea of 
the effective covalent bonding when the ion is subjected to 
crystalline field [7,8]. The value of g may vary in the 
crystal with the direction of the applied field. This aniso-
tropy in g-value is related to spin orbit coupling which mixes 
the ground state of the free ion with the excited states. 
Thus the electronic moment gets a definite contribution from 
the otherwise quenched orbital angular momentum. 
Once the condition of resonance is achieved, the conti-
nuous absorption of energy of the electromagnetic field by the 
spin system is controlled by other factors. The lower state 
is more populated than the upper one at any temperature. With 
the absorption of microwave power the population difference 
tends to equalise itself and unless there is a mechanism 
which establishes the population difference continuously, 
paramagnetic resonance absorption ceases to be significant. 
Such mechanisms are called relaxation processes. 
Relaxation processes 
In the crystal field the ground state of the paramagnetic 
ions forms a multilevel system when an external magnetic field 
B is applied on it. In EPR transitions, the electrons are 
transferred from the lower level to the higher one of this 
multilevel system and they return to lower levels by relaxa-
tion processes so that the absorption of the microwave radia-
tion is continued. There are two types of relaxation processes , 
the spin lattice relaxation and spin-spin relaxation. The 
process in which the energy flows from the spin system to the 
lattice is called spin-lattice relaxation process and that 
in which the spin exchange energy among themselves is called 
spin-spin relaxation process. 
Spin-lattice relaxation 
In the absence of the external field the spin system is 
in thermal equilibrium. The thermal equilibrium is disturbed 
by absorption of radiation at resonance. The spins are then 
said to be heated and the heated spins return to thermal 
equilibrium by an exponential process with time constant T, 
which is called spin-lattice relaxation time and this process 
is called spin-lattice relaxation process. T, is a measure 
of the energy transfer from paramagnetic ions to surroundings. 
In spin-lattice interaction, the relaxation proceeds by 
three main processes which are given below: 
(a) Direct process 
In the direct process the relaxation occurs through 
transfer of energy from a single spin to a single vibrational 
mode of the crystalline lattice which are essentially at the 
same frequency [9]. The temperature dependence of T-, in this 
process is T, a 1/T [lO] where T is the absolute temperature. 
(b) Raman process 
At high temperatures, the Raman process predominates. 
In this process a phonon is inelastically scattered by the 
spin system resulting in creation of another phonon. The 
relaxation time T, depends on the temperature in the follow-
ing manner 
T^  a — - for non-Kramer's doublets 
a ^ for Kramer's doublets. 
T^ 
(c) Orbach process 
In this process, two successive transition occur via an 
intermediate state, Vi/hen electron is transferred from a level 
i to level j in the ground manifold of states by absorption 
of energy h'd, then by stimulated transition, it goes to a level 
p which is higher in energy by an amount O . Spontaneous 
transition takes place from level p to i resulting in a 
spontaneous emission of phonon of energy h+ hi) . The re-
laxation rate is given by 
1 -S"/KT 
1^ 
where K is Boltzman constant. 
Spin-spin relaxation 
In this process there are two main types of interactions 
between the ions. They are dipole-dipole and the exchange 
interactions. The dipoles are close enough so that they ex-
perience various local fields resulting from the dipolar fields 
of their neighbours. In the case of exchange interactions, 
the energy transfer takes place by means of mutual spin flips 
between neighbouring spins. Since the spins are in thermal 
equilibrium among themselves and if the equilibrium is dis-
turbed, it is re-established exponentially with time constant 
T2» T^ is called spin-spin relaxation time. 
The spin-Hamiltonian 
In electron paramagnetic resonance the unpaired electron 
is not isolated or free, but it interacts with nuclei and 
electrons in such a way that the magnetic field B in equation( 3] 
becomes the sum of the various components. Abragam . and Pryce 
[ll] initially and others subsequently described the electronic 
interaction which contribute to the total energy of the ion 
by the following Hamiltonian [12-15], 
o cr s-o s-s z hi q n e 
( 4) 
where 
5 —1 H = Free ion energy (•^ 1^0 cm ) 
H = Electrostatic energy ('^ 10 cm" ) 
2 3 —1 H = Spin-orbit interaction energy (<^  10 -10 cm ) 
H = Spin-spin interaction energy ('^ 1^ cm"" ) 
H = Interaction of electron with the external field 
z 
or Zeeman energy = PB(L + 2S) (<^1 cm ) 
H, ^  = Dipole-dipole interaction between the electron 
—1 —3 —1 
and nuclear magnetic moments ('^-'lO -10 cm" ) 
H = Quadrupole interaction between electron and 
—3 —1 
nucleus (^ 1^0 cm ) 
H = Nuclear Zeeman energy = gj^ pj^ B.I (•"^ lO" cm" ) 
H = Energy of exchange effects between electrons 
EPR spectroscopy mainly concerns with the H , H and 
Hj.^__o, i.e. the fine structure, Zeeman splitting and hyperfine 
interactions because the nuclear Zeeman and quadrupole 
interactions are generally small. The best way to express 
them including the quadrupole terms is in the following forms 
H_ = pB.g.S + S.D.S + S.A.I + I.Q.I. ... ( 5) 
where S and I are the electronic and nuclear spin operators 
— V f>^ r^ t'^ «->-' 
respectively and are equivalent to J operators, g, D, A, Q 
are all second rank tensor quantities. The first term re-
presents Zeeman interaction with the applied field B. In the 
second term D represents the quadrupolar coupling to the 
crystal field. The third term indicates the hyperfine inter-
action between S and I, the fourth term expresses the quadru-
polar coupling between nuclear spin I and electric field 
gradient in the ion respectively. In a system of orthogonal 
axes these tensors are diagonalized which is known as principal 
axes. In principal axes system equation ( 4) can be written 
as 
"s = ^(^x Bx Sx ^ gy S S "- ^ z ^ ^z^ -^  DLS^ - ^  S(S^ -l)] 
+ E(S2 - Sp + A^ S^ I^ -H Ay Sy ly + A, S^ I^ 
+ Q'[I^  - -^  (l+l)] + Q"(lJ - ly) ... ( 6) 
where 
Q'=Q, -I [Q^  + Qy], Q" = i [Q^  - Qy] 
g>,» g„» Qy and A , A , A are the components of g and A 
tensors respectively along principal axes. 
Fine structure parameters 
The terms 'D' and 'E' in equation ( 5) are known as the 
fine structure constants which determine the internal splitt-
ing in the group of energy states, described by spin-Hamilto-
nian. 'D' and 'E' represent the axial and rhombic parts of 
the crystal field respectively. 
Hyperfine constants 
Hyperfine interactions are mainly magnetic dipole interac-
tions between nuclear magnetic moment and electronic magnetic 
moment of the paramagnetic ion, which gives the separation 
between hyperfine levels. It is represented by the term 
S.A.I, in the spin-Harailtonian. 
Another term which often contributes to the hyperfine 
interaction is the quadrupole interaction I.Q.I. Q' and Q" are 
the axial and rhombic part of the quadrupole interaction. The 
magnitudes of these are very small and can be determined from 
hyperfine forbidden transitions. 
Jahn-Teller effects 
According to this effect [16,17] a symmetrical non-linear 
molecular system in a degenerate electronic state will be 
unstable and will undergo some kind of distortion which will 
lower its symmetry and thus the degeneracy of the electronic 
state is lifted, or in other words^the configuration of the 
nuclei adjusts in such a way that the symmetry of a complex 
gets lower. 
Van Vleck [l8] estimated that the splitting due to Jahn-
Teller effect is of the order of few hundred cm" for iron 
-2 -1 group and about 10 cm for rare earth group. In the case 
of paramagnetic ions embedded in diamagnetic hosts, the 
symmetry of the ligand field is also reduced due to Jahn-Teller 
effect. This effect has been observed prominently in the case 
04- 0-4-
of Cu in trigonal field [l9-2l] and Fe in octahedral field 
[22^23]. The reason for the distortion is easy to appreciate 
injterms of simple physical reasoning. Let us suppose that out 
2 2 
of the two e orbitals, it is the (x - y ) orbital which is g 2 doubly occupied while the z orbital is only singly occupied. 
This means that the four negative charges in the xy plane will 
2+ be more screened from the electrostatic attraction of the Cu 
ion than will the two charges on the z-axis. Naturally, the 
latter two ligands will be drawn more closely than the other 
2 four. If, conversely;the z orbital is doubly occupied and the 
2 2 
(x - y ) orbital only singly occupied, the four ligands in 
the xy plane will be drawn more closely to the cation than 
will the other two on the z-axis. It is also possible that 
the unpaired electron could be in an orbital which is a linear 
2 2 2 
combination of (x - y ) and z • 
The theorem predicts only that a distortion must occur 
for degenerate states. It does not give any indication about 
the geometrical nature of the distortion or how great it will be, 
To understand the nature and magnitude of the distor-
tion, detailed calculations must be made of the energy of the 
entire complex as a function of all possible types and degrees 
of distortion. The configuration having the lowest over all 
energy may then be predicted to be the equilibrium one. 
There is one restriction on the nature of the distortions 
i.e., the undistorted configuration has a centre of symmetry. 
In order to give a little more insight into the energy 
problem, let us consider what happens to the d-orbital energies 
when there occurs a small distortion in which the octahedron 
becomes stretched along its z-axis. The effects are shown in 
the (Fig. 2). In this diagram the various splittings are not 
drawn to scale in the interest of clarity. Both of the splitt-
ings due to the distortion are much smaller than Z^^* It 
should also be noted that each of the splittings obeys a 
centre of gravity rule. The two e orbitals separate so that 
one goes up as much as the other goes down; the t2„ orbitals 
separate so that the doubly degenerate pair goes down only 
half as far as the single orbital goes up. It can be seen 
9 
that, for the d case, there is no net energy change for the 
^2a sl^ctrons, since four are stabilized by ^^ j/S while two 
are destabilized by 2^p/3. For the e electrons, however a net 
stabilization occurs, since the energy of one electron is 
raised by Oi/2, but two electrons have their energies lowered 
by this same amount, the net lowering of the electronic energy 
egt=lv=)-T 
'29t^ S}-
—•-« 
Fig. 2, Schematic diagram of the splittings caused by an 
elongation of an octahedron along one axis. The 
various splittings are not to the same scale. Si 
and £2 being much smaller relative to ^ ^ than 
indicated. 
is thus Oi/2. It is this stabilization which provides the 
driving force for the distortion. It can be seen from Fig. 2 
that for both the configurations t2„ e and t2 e , distortion 
of the octahedron will cause stablizationj thus we predict, as 
could also be done directly from the Jahn-Teller theorem, that 
distortions are to be expected in the octahedral complexes of 
ions with these configurations, but not for ions having tg^, 
to e or to e configurations. In addition it should also 2g g 2g g 
be obvious from the foregoing considerations that a high-spin 
d ion, having the configuration to™ e_ will also be subject 
to distortion. Some real ions having these configurations 
which are subject to distortion are. 
t2q e : high spin Cr"'--'- and Mn''--'--'-
tol, e„ : low spin Co"'--'- and Ni^"'""'" 2g g 
2g g 
For low-spin Co no satisfactory structural data are 
available, but in the other four cases there are ample data 
to show that distortions do occur and that they take the form 
of elongation of the octahedron along one axis. In a number 
of Cu compounds the distortions of the octahedra around the 
cupric ion are so extreme that Cu forms many square complexes 
It may also be noted that the Jahn-Teller theorem applies 
to excited states as well as to the ground states. 
To illustrate the effect on excited states we may consider 
the [Ti(H20)^]^'^, [Fe(H20)^ ]^ "*" and [CoF^]^" ions. The first 
of these has an excited state configuration e . The presence 
of the single e electron causes the excited state to be split, 
and it is this which accounts for the broad, flat contour of 
the absorption band of [Ti(H20)^]^''". In both [Fe(H20)^]^'*' and 
[CoF^] " the ground state has the configuration t2-. e_ > and 
the excited state with the same number of unpaired electrons 
3 3 has the configuration t2_ e^ • Thus the excited states of 
these ions are subject to Jahn-Teller splitting into two 
components, and this shows up very markedly in their absorp-
tion spectra. 
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CHAPTER - II 
Study of NaNO^-AgNO^ Solid Solution 
Introduction 
The importance of solid solutions or mixed crystals over 
individual crystal is that their properties such as reflecti-
vity, dielectric constant, conductivity etc. are different 
from the individual crystal and have found wide application 
in industry. 
Solid solutions serve as good electrolytes for batteries, 
The present trend in searching for solid state electrolytes 
for battery material which is known as superionic conductors 
is two-fold [l-4] in nature:(i) to find new materials showing 
high values of ionic conductivity in the vicinity of room 
temperature, and (ii) to use known electrolytes with other 
materials in the form of mixed systems to increase the con-
duction efficiency. The latter procedure attracted considera-
ble attention of the workers in recent years as it not only 
lowers the superionic transition temperature but it also gives 
relatively high values of conductivity [3]. One of the best 
kind of such systems [5,6] is RbAg.Ipr, which is a mixed salt 
of Rbl and Agl. This mixed system shows very high ionic 
conductivity even below room temperature. Generally in the 
mixed system, ionic conductivity increases either due to the 
formation of open channels through which ions can move freely 
as in the case of BrAg^ Ic [7], p-alumina [8] etc. or due to 
the generation of strains [9] arising from the displacement of 
ions of dissimilar sizes, charges, polarizabilities etc. The 
strain thus developed in the system actually loosens the lattice 
structure. Shahi and Wagner [9] have shown that when the 
lattice positions become loose,ionic conductivity increases 
and the superionic transition temperature decreases in Agl - AgBr 
and in some other doped systems. The solid solutions or mixed 
crystals are very common between metals. It is well known 
that a mixed crystal can be obtained when two isomorphous salts 
like NaCl and NaBr crystallize together. The crystal so formed 
has properties quite similar to those of a pure crystal. 
Similarly, the diffraction patterns of the solid solutions 
are quite similar to those of pure substance having the same 
lattices. 
It has been observed that the atoms of a mixed crystal 
are situated at the nodes of a regular lattice. The structure 
of most of the crystals can be explained according to the 
ordered and the perfectly disordered solid solution. 
In the disordered solid solution, the diffraction pattern 
(lines or spots) is identical to that of a crystal having the 
same lattice and identical atoms in all the unit cells. Con-
sider a simple crystal (one atom per unit cell) of a binary 
solid solution AB whose atoms A and B are in the proportions 
p^ and Pg, so that PA + Pg = 1» a"^*^  having scattering factors 
f. and f[-,. Then the average type of atom has a scattering 
factor of f^,, «= p. f. + p„f„. The structure factor for this 
^^* A A ^B B 
structure can be written as 
Fhkl = I a^v.^ "^ ""' (hu, + kv. + iw.) 
where F is the structure factor, (hkl) are the plane indices 
and u., v., w. are the indices of a site occupied by an atom, 
i. Thus for a body centred (bcc) disordered structure we can 
write 
and F^ j^ j^  = ^^av.* ^ ° ^ h+k+1 = even 
F, , , = 0, for h+k+1 = odd hkl ' 
On the other hand, in a perfectly ordered solid solution, 
the A and B atoms arrange themselves at the nodes of the 
lattice according to a set pattern. We then have a super 
lattice, and some new lines are observed in the diffraction 
pattern and those lines are called super lattice lines. Such 
superlattices are observed when the two constituent atoms 
occur in a simple ratio such as AB, AB^f ABo etc. In a solid 
solution it has also been observed that there exists short-
range order even if there is no long-range order at low 
temperatures, such as gold-silver and gold-nickel solutions. 
In a solid solution there is also a tendency of like atoms 
to be close neighbours. This effect is known as clustering 
and it has been observed in aluminum-silver and aluminum-zinc 
solutions. Probably there is no perfect randomness in the 
solid solution and therefore all real solutions exhibit either 
short-range order or clustering. 
It has also been observed that in the mixed crystals, 
certain constituents of a system can be replaced by other con-
stituents without changing the general physical properties. 
When two substances crystallize together in this manner the 
dominant crystalline form will be characteristic of the compo-
nent which is in excess. 
On the other hand, if two simple salts are mixed in water 
and the mixed solution is then allowed to crystallize, a salt 
is obtained which is a compound of both salts but exist in-
dependently in solution. For example a mixture of potassium 
sulphate and aluminum sulphate in solution will when allowed to 
crystallize, deposit a compound of the type K2S0.Al2(S0.)2» 
24H2O, known as alum. Such a compound is called double salt 
and if in solution, it gives the reaction of all the radicals 
present. 
In forming solid solutions the metal atoms of the two 
isomorphs generally distribute themselves among the voids in 
the anion close packing. 
Generally, substances which are isomorphous and whose ions 
have nearly same radii are found to form solid solutions, but 
there are numerous exceptions also.Molten mixture of sodium 
nitrate (NaN03j rhombohedral, [10-12] D^ J^ a = 6.3108 ^ , 
a = 47°, 15', 59") and silver nitrate (AgN03; orthorhombic [13]; 
a = 6.6995 X, b = 7.328 A, c = 10.118 %) at various relative 
concentrations have been investigated by many workers. Self 
diffusion coefficients and friction coefficient in the silver 
nitrate, sodium nitrate melt have been studied by Kawamura 
et al. [13] and Zuca et al. [l4]. Connan [15] studied the 
external transport numbers, ionic mobility, cooperative mecha-
nism and ionic conductivity in the molten binary mixtures of 
AgNO-3 and NaNO^. Klement et al. [l6] determined the X-transi-
tions temperature in AgNOo base NaNO^ alloys and observed 
ordering in the AgNOo rich alloys analogous to that in the 
NaNOo base alloys. Ordering as observed by Klement [16] gave 
us a clue that there is a possibility of crystal formation 
when AgNOo and NaNOo are mixed in different proportions. It 
was thought worth while to study the structure of the crystal 
grown from the mixture of AgNO^ and NaNO^. EPR study was 
also carried on the mixed system by doping a paramagnetic 
2+ impurity (Mn ) to study the site symmetry of the dopant. 
Density measurements were also done. 
Experimental details 
Crystals were grown by slov^  evaporation at room tempera-
ture (RT) of saturated aqueous solutions of sodium nitrate and 
silver nitrate in different molar ratios : (NaNO^:AgNO^::4:1, 
3:1, 2:1, 1:1). For crystal growth, distilled and dechlorinated 
water was used. For electron paramagnetic resonance work a 
small amount of manganese nitrate (0.5 wt;^ ) was added in the 
solution. Colourless transparent crystals with well developed 
faces were recovered. The atomic percentage of sodium and 
silver in the crystals was determined by electron probe 
microanalyser (EPMA, Phillips). EPR spectra were recorded in 
a three crystallographic planes using a sample rotating gonio-
meter, on X-bsr^ d spectrometer, Varian model 4500-00 with 
6 inch electromagnet. Powder pattern and single crystal x-ray 
studies were carried on Radon House x-ray diffraction unit 
with unfiltered radiation from a Cu-target working at 30 kV 
and 15 mA. Diffiactograms (Powder) were recorded on x-ray 
diffractometer PW 1140,90 having copper target (X= 1.542 A) 
with nickel filter ( >j^ = 1.488 %) at 20 mA and 35 kV. Density 
was measured by liquid (benzene) displacement method. 
Results and discussion 
In small proportion upto 5:1 molar ratio for sodium 
nitrate to silver nitrate, the mixture was found to form con-
tinuous solid solution. When the silver nitrate was allowed 
to exceed this limit, all the silver nitrate was not accommo-
dated in the sodium nitrate lattice. The rejected silver 
nitrate floated on the surface, crept on the wall of the 
container or settled at the bottom in non-crystalline form. 
Therefore, crystals were grown when the sodium nitrate and 
silver nitrate are in the molar ratios: 
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(NaNOo:AgNOo::4:1, 3:1, 2:1, 1:1). The crystals grown in the 
same crop had nearly the same chemical constitution. Weight 
percentage and atomic percentage of sodium and silver in the 
crystals of different concentrations as revealed by electron 
probe micro analyser is presented in ;able 1. Diffractograms 
of crystals grown from different molar ratios of the consti-
tuents and of pure sodium nitrate and silver nitrate were re-
corded by crushing the crystals into fine powder and the spe-
cimen was prepared in the form of a flat-faced briquet of 
powder. Diffractograms of these crystals are shown in Figs, la, 
lb, Ic, Id. Powder patterns of the pure sodium nitrate (NaNOo) 
crystal and of mixed crystals of NaNOo and AgN02 with different 
concentrations were taken by Debye-Scherrer camera of diameter 
114,6 mm after crushing the crystals into fine powder. The 
Debye-Scherrer pattern of the pure NaNO^ and mixed NaNOq and 
AgNOo are shown in Fig. 2(a). In order to determine the 
lattice parameter of the crystal, the rotation photograph of 
pure NaNOo and mixed NaN0o:AgN03 were taken by a rotation 
oscillation camera of diameter 70 mm and mounting the crystal 
on the goniometer so that one of its axes is vertical and the 
crystal rotates continuously about this axis during the ex-
posure. Layer line spacing were measured from the rotation 
photograph of each sample of mixed and unmixed NaNO^ and the 
lattice constant was calculated with the help of the formula 
given below ^ o i/o 
hX( r2+d2)V2 
La t t i ce parameter = a = -r 
'h 
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where h is the number of layer lines d, is the distance 
between the zeroth layer line and the hth layer line, r is the 
radius of the camera and X is the wavelength of the radiation 
used. The lattice constant as calculated comes out to be 
6.32 A for both mixed and unmixed NaNO^. This value is same 
as the reported lattice constant of sodium nitrate [10-12]. 
The rotation photograph of one mixed crystal (Na:Ag::81:19) 
along one of its rhombohedral axis is shown in Fig. 2(b). The 
photographs in Fig. 2(a) and 2(b) were taken by unfiltered 
radiation. Kp component generally complicates the diffraction 
pattern but it may also help in the correct indexing of the 
diffraction lines, because for every strong line due to Ka 
there must be a line corresponding to Kfi, 
There is agreement between the peaks of the diffractogram 
and the lines of the Debye-Scherrer pattern for the same 
crystal. However, the Debye-Scherrer patterns were utilized 
for detailed analysis because in diffractometer the sample size 
requirements were such that many crystals (whose constitution 
might have varied a little) had to be crushed together to 
fulfil the sample size requirement whereas in the Debye-
Scherrer pattern, a small size crystal sufficed the require-
ments . 
2+ Electron paramagnetic resonance spectra of Mn doped 
crystals were taken for all concentrations but spectra did not 
reveal any difference, hence one EPR spectrum of the mixed 
Fig. 2(b) Rotation Photograph of mixed crystal 
(Na:Ag::81:19) along one of its rhombo-
hedral axis. 
crystal (Na:Ag::81:19) is shown in Fig. 3. 
The densities of the crystals obtained by liquid dis-
placement method are as follows: 
NaN03 2.26 gm/c.c. 
Mixed (Na:Ag::81:19) 2.64 gm/c.c. 
Mixed (Na: Ag::68:32) 2.98 gm/c.c. 
Densities of the crystals are in conformity with the EP^ iA 
results. It indicates that Ag has entered NaNOo by displacing 
Na from the lattice. 
In table 2 the x-ray powder pattern analysis of NaNOq and 
mixed crystal (Na:Ag::81:19) has been presented. 
As seen from Figs.3a^ ,c and 2(a) there is no difference in the 
positions of the diffraction peaks in going from pure NaNO„ to 
mixed systems. However, their relative intensities or peak 
heights varied from one concentration to the other and also 
from pure NaNO^. It clearly indicates that NaNO^ does not 
undergo any structural transformation by the addition of AgNOo» 
but the two together form solid solution in which Na ion is 
replaced substitutionally by Ag ion. It is further confirmed 
by density measurements and layer line spacings [pig. 2(b)] 
which is same for all crystals. Absence of additional lines 
(Superlattice lines) in the diffraction pattern of mixed crystals 
as compared to that of sodium nitrate suggests the absence of 
long-range order in the system. The intensity of diffraction 
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lines in the powder pattern is effectively given by 
T Ic |2 „ l+Cos^2Q 
"^ Sin 9 Cos 9 
On comparing the intensities of diffraction lines of the mixed 
and the unmixed crystal, the contribution of p(multiplicity 
2 2 factor) and i+Cos 29/Sin 9 Cos 9 (Lorentz-polarization 
factor) remains the same and therefore they can be neglected 
out of discussion. Comparison of intensities boils down to 
comparing iFu^i^-,i in the mixed and unmixed systems which has 
been shown in table 2. In table 2 the observed intensities 
in columns 1 and 2 are nearly in the same ratio as the cal-
2 2 
culated structure factors F m columns 5 and 7, F values 
given in column 7 have been obtained by dividing the corres-
2 
ponding F values in column 6 by a factor 3.4. Absorption 
factor of mixed crystal (Na:Ag::81:19) has been estimated [l7] 
to be on an average, 3,4 times greater than that of unmixed 
NaNOo. Instead of considering increase of absorption factor 
for individual lines, an average value has been used because 
of the ease of calculation, and the possible error so intro-
duced will be less than that which is caused by the neglect of 
Debye-Waller factor. Debye-VValler factor could not be consi-
dered, because the Debye temperature for different crystals 
could not be ascertained. There is general agreement between 
the observed intensity ratios and the calculated ones. 
Departure in some cases may hovi/ever, be tentatively attributed 
to neglect of Debye-Waller factor, short-range order (if it 
exists) and possibly slight static atomic displacement due to 
the difference in the size of the host and guest ions. 
As more silver is substituted in the lattice, the absorp-
tion factor further increases and in the case of mixed crystal 
(Na:Ag::68:32), it becomes, on an average, 4.8 times more 
than that of unmixed cage and that is why for nearly same 
exposure time as NaNOo» the lines of the mixed crystal 
(Na:Ag::68:32) are comparatively weaker or absent as can be 
seen from the Fig. 2(a). 
For calculation of intensity, the atomic scattering 
factor of the cation in the mixed crystal (Na:Ag::81:19) has 
been taken as f^ ^^ ^ = (0.81) f^ ^^ ^ + (0.19) fg^i^^^. For 
comparison of intensities of the lines caused due to Ka and Kf^  
components, the intensity of Kp is taken to be 1/5 of the 
intensity of Ka. 
It is evident from the table 1 that in the entire range 
of concentrations investigated, there was preponderance of 
NaNOo over AgNO^ in the binary mixture. A conjecture can be 
made as to why in the solid solution of NaNO^ and AgNO^, the 
former behaves as solvent and the latter as solute. It has 
been enunciated [l8] that in forming solid solutions the metal 
atoms of the two compounds usually distribute themselves 
randomly among the voids in the anion close packing. Same 
arguments (a little modified to suit the present situation), 
47 : 
can explain the growth of mixed crystal from the equeous, 
solution of the two constituents and the predominance of NaNOo 
over AgNOq in the crystal. When salts are dissolved in water, 
they dissociate themselves into ions which are solvated [l9] 
or rings of dipolar water molecules cluster around them. In 
the present case, there exists three kinds of solvated ions, 
i.e., Na , Ag and NO^. All the ions have the same charge but 
— + + 
the size of NO^ is much bigger than either Na or Ag and 
hence it has greater capability of getting surrounded by larger 
number of water molecules and ultimately its effective volume 
is much larger than the two other ions. The number of NOZ ions 
in the solution is also more than either of Na or Ag and 
hence there is more chance of solvated NOZ ion coming in 
contact with each other. These NOo anions come in frequent 
contact and flock themselves into close packing, that too, 
probably in hexagonal close packing. In the close packing 
nearly 26>< of the space remains unfilled that exists as voids 
in the close packing which may be filled in, either by solvated 
Na or Ag . The radius of solvated Ag ion seems to be larger 
than that of Na because the radius of free Ag ion is larger 
than the radius of free Na . Because of the smaller size of 
solvated Na and greater mobility, there is more likelihood 
of Na system occupying the voids rather than the solvated Ag . 
Moreover by accommodating Na system, there is not going to be 
much change in the geometrical or structural arrangement or 
energy changes in the hexagonal close packing of anions. 
: 48 
because NaNO^ belongs to hexagonal (specifically rhombohedral) 
system whereas AgNOo belongs to orthorhombic system. Solvated 
water molecules are loosely bound and can be easily detached 
from the sphere of influence of the ions which they surround. 
In the process of crystal growth there is continuous evapora-
tion from the surface of the solution as a result of which 
water molecules on the surface escape to the atmosphere taking 
away thermal energy and thus lowering the temperature on the 
surface of the solution. By way of convection, water molecules 
which were trapped in coordination spheres of the ions are 
continually driven to the surface thus bringing the positive 
and negative ions close. Remaining water molecules may be 
squeezed out of the intervening space because of the larger 
force of attraction between the cation and anion. Thus the 
formation and preponderance of sodium over silver in the mixed 
crystal can be tentatively explained. 
2+ EPR spectra of Mn doped in solid solutions of NaNOo and 
AgNOo was undertaken with a view to determine the symmetry of 
2+ + + 
the site of Mn which might have replaced either Ag or Na , 
but no fine structure splitting of the spectrum was observed. 
This is probably due to the fast changing orientation of NOZ 
[20] round cations, Hyperfine splitting components did not 
reveal any variation when the angular variation of EPR spectra 
were undertaken. This may also be attributed to same cause 
of highly disordered orientation of NOZ* The g-value was 
49 
found to be 2,014 and the hyperfine splitting constant 
A = 95.5 gauss. 
Conclusions 
X-ray diffraction study of solid solution of NaNOo and 
AgNOo indicates that the crystals which were grown from binary 
mixtures of sodium nitrate and silver nitrate in different 
molar ratios form a continuous solid solution upto a certain 
2+ limit m which NaNOo is predominant. EPR study of Mn doped 
in solid solutions of NaNO^ and AgNO^ reveals that there is no 
fine structure splitting of the spectrum and this is probably 
due to the fast changing orientation of NOo round cations. 
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CHAPTER - III 
• " ^ " ' 
Study of Single Crystal of Potassium Nickel Bromide Monohydrate 
Introduction 
Compounds of composition AnjBC^.pH20 were A stands for 
alkali metal (Li, Na, K, Rb, Cs etc.)» B-second group element 
(Cr, Fe, Mn, Ni, Co, Cu, Cd, Zn etc.) and C-a halogen atom 
(mostly F and CI and sometimes Br), m,n and p are numbers and 
generally m = 1 or 2, n = 3 or 4 and p = 0 or any integer, have 
attracted the attention of various investigators [1-15], 
Generally, studies have been done on crystal and magnetic 
structures, electron distribution density, structural and mag-
netic phase transition, relaxation effects and dichroism etc. 
Much work has been done on KNiF^ [l6] and KNiCl^ [11-14] due 
to their interesting properties. The majority of the fluo-
rides adopt the cubic perovskite structure [l7, 18]. In both 
fluorides and chlorides mixed cubic-hexagonal stackings have 
been observed. Bromides and iodides [V] in so far as they 
exist crystallize in the structure types adopted by the 
chlorides. 
A search of literature did not show any work on the com-
pound potassium nickel bromide (KNiBr2.H20). Therefore, it 
was thought worthwhile to work on this compound by x-ray 
diffraction and electron paramagnetic resonance. 
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Experimental details 
The crystals of KNiBrT.H20 were grown from aqueous solu-
tions of NiBr2 and KBr in equimolar ratio by slow evaporation 
method at room temperature. For electron paramagnetic reso-
nance (EPR) work a little amount of MnBr2 (0,5 wt>^ ) was added 
to the mother solution. Transparent crystals with well deve-
loped faces were grown in a few days. The crystals were tested 
for the percentage of constituents present in them. The cons-
tituents tested in KNiBro.H20 are potassium, nickel and water 
of hydration. Potassium was estimated by systronic flame 
photometer with potassium filter, nickel by EDTA titration 
method using PAN indicator and H2O was estimated with the help 
of rapid oxygen method. The estimated percentage are as 
follows: 
K = 11.0/. 
Ni = 16.5/ 
and one molecule of H2O per formula unit. The rest belongs to 
)promine. These estimates satisfy the chemical formula of the 
compound as KNiBro»H20. The infrared spectrum of KNiBro.H20 
showing absorption by water of hydration is shown in Fig. 1. 
Powder pattern and single crystal x-ray studies were 
carried on Radon House x-ray diffraction unit with unfiltered 
radiation from a Cu-target working at 30 kV and 15 mA. The 
powder pattern was taken by crushing the crystals into fine 
powder. The rotation photographs of the crystal were taken 
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by rotating the crystal about the three crystallographic axes 
a, b and c. 
Diffractogram (powder) of KNiBr2.H20 was recorded by 
crushing the crystals into fine powder and the specimen was 
prepared in the form of a flat faced briquet of powder on x-ray 
diffractometer (PW 1140.90) having Cu-target with nickel filter 
at 35 kV and 20 mA. 
Electron paramagnetic resonance spectra were recorded by 
X-band EPR JEOL spectrometer at room temperature. Une of the 
spectra which was of maximum spread was also recorded at liquid 
nitrogen temperature (LNT). As the crystal axes were identi-
fied by x-ray, the angular variation study was done by rotating 
the crystal when the magnetic field was in ab, be and ac 
crystallographic planes. 
The density of the crystals was measured by liquid 
(benzene) displacement method and it was found to be 2.435 giVcc. 
Results and discussion 
In the diffractogram and powder pattern the low angle 
lines are doublet which suggests that most probably the system 
is monoclinic. After this speculation, rotation photographs 
were taken about various axes. After much trial and error, 
these directions were located which could be taken as coincid-
ing with the crystallographic axes of a monoclinic system. 
The angle between two directions was found to be 99.7° and the 
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third was perpendicular to these two. If three directions 
are found to coincide with a, b, c axes, then the lattice 
constants are found to be 
a = 6.00 ^ 
b = 21.28 % 
c = 15.12 % 
and p = 99.7°. 
The angle p was further confirmed by taking rotation photo-
graph when the crystal was rotated along [lOl] axis. The 
layer line spacing along [lOl] gave an identity period 
o 
corresponding to 17.18 A which is justifiable by simple 
geometry. On the basis of density measurement and lattice 
constants the crystal has 8 formula units per unit cell. 
The rotation photographs of the crystal by rotating it 
along a, b, c axes and along [lOl] axis are shown in 
Figs. 2, 3, 4 and 5 respectively. 
The cell constants reported here are the refined values 
obtained by the powder pattern analysis. 
The powder pattern of the crystal was recorded both by 
Debye-Scherrer camera and diffractometer, as shown in 
Figs. 6 and 7 respectively. The data from the Debye-Scherrer 
pattern and diffractogram are the same but the diffractogram 
data were finally taken for analysis because of better resolu-
tion and better estimates of intensity. 
Fig. 2. Rotation photograph of NKiBro.H20 crystal 
by rotating it along a-axis. 
Fig.^ . Rotation photograph of KNiBr2.H20 c r y s t a l 
by ro t a t i ng i t a l o n g b - a x i s . 
1 
FigJ4 . Rotation photograph of KNiBr2.H20 crystal 
by rotating it alongC -axis. 
Fig. 5. Rotation photograph of 
by rotating it along 
KNiBr„.H^O 
[101] axis. 
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Powder pattern analysis of KNiBr^.H^O is presented in 
table 1. In table 1, the first column indicates intensity, 
2 2 
second^observed Sin 0 values, third^calculated Sin 0 values 
and the fourth^indices of reflections. As seen from table 1, 
2 2 
there is close resemblance between the Sin Q observed and Sin 0 
calculated for all the diffraction lines. It indicates that the 
system, axial lengths and the interaxial angles have been 
determined correctly. 
Non-extinction conditions show that the space group of 
the crystal is P2iA« The following observations support this. 
i) There is no restriction on hkl reflections. 
ii) In oko reflections, everytime we have k = 2n as in the 
lines with Sin^© obs. = 0.0210 and 0.1317. 
iii) a. In okl reflections, k+1 = 2n as in the lines with 
Sin^0 obs. = 0.0162, 0.0315, 0.0365, 0.0643, 0.1317, 
0.1421. 
b. In hko reflections, h+k = 2n, no such reflection was 
found here. 
c. In hoi reflections, h+1 = 2n as in the line with 
Sin^0 obs. = 0.0347. 
It has been possible here to determine the crystal 
system and space group of KNiBr2.H20. Location of the atomic 
positions inside the unit cell by structure factor analysis 
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Table 1. X-ray diffraction data for KNiBr3.H20 (P2iA) 
I n t e n s i t y -
o b s e r v e d 
vw 
w 
w 
w 
ms 
s 
s 
vw 
w 
w 
ms 
s 
w 
w 
ms 
w 
ms 
ms 
w 
w 
w 
S i n ^ 9 
o b s e r v e d 
0 . 0 1 6 2 
0 . 0 2 1 0 
0 . 0 3 1 5 
0 . 0 3 3 2 
0 . 0 3 4 7 
0 . 0 3 6 5 
0 . 0 4 4 1 
0 . 0 5 3 3 
0 . 0 5 5 2 
0 . 0 6 0 5 
0 . 0 6 4 3 
0 . 0 6 8 2 
0 . 0 7 2 5 
0 . 0 7 5 3 
0 . 0 7 6 7 
0 . 0 7 9 9 
0 . 1 0 6 4 
0 . 1 2 4 4 
0 . 1 3 1 7 
0 . 1 3 9 6 
0 . 1 4 2 1 
s i ' ^ ^ e . H h k i 
c a l c u l a t e d 
0 . 0 1 6 1 
0 . 0 2 1 0 
0 . 0 3 1 8 
0 . 0 3 3 7 
0 .0344] 
0 .035g | 
0 . 0 3 6 1 
0 . 0 4 4 2 
0.0442_ 
0 .0534 ' 
0 . 0 5 3 5 , 
0 . 0 5 5 4 
0 . 0 5 4 9 
0 . 0 6 0 0 
0 . 0 6 4 2 
0 . 0 6 8 0 
0 . 0 7 2 8 
0 . 0 7 4 9 
0 . 0 7 6 6 
0.0797" 
0 .0798j 
0 , 1 0 6 2 
0 , 1 2 4 3 
0 . 1 3 1 5 ' 
0.1319^ 
0 , 1 3 9 8 
0 . 1 4 2 3 
022 
040 
042 
112 
lofl 
I32J 
033 
132] 
I42J 
• 
142 
123 
143-
151 
133 
044 
200 
144 
225 
211 
1621 
213J 
181 
235 
oioo] 
075J 
136 
0102 
FOOT NOTE: s (strong), ms (medium strong), w (weak) 
and vw (very weak). 
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still remains a problem to be solved. 
Since all the three crystallographic axes are known, 
therefore, it is easy to mount the crystal to record the EPR 
spectra at different angles. Angular variation studies were 
made by rotating the crystal when the magnetic field is in ab, 
be and ca plane. The angular variation studies show very 
interesting features. When the magnetic field direction was 
25 away from the axis 'a' in ab plane a clear 30 lines Mn 
spectrum of maximum spread was observed. This gives the Z-axis 
2+ 
of the magnetic vector. Fig. 8 shows the EPR spectrum of Mn 
doped KNiBro»Hr)0 along BUZ axis. The fine structure components 
loose intensity and ultimately vanish one by one starting from 
the higher field components when we go away from Z-axis on 
either sides. Some representative spectra are shown in Fig. 9. 
When the magnetic field is rotated by 90 from Z-axis, all the 
fine structure splitting vanishes and almost a straight line 
was observed( Fig. 9f). 
The emergence of a weak spectrum in the region about 90° 
from Z-axis in ab plane where the main spectrum disappears, 
2+ is probably due to another magnetic site for Mn in the 
lattice. The spectrum in the ac plane is almost the same as 
in ab plane. In be plane the spectrum does not show any un-
usual characteristics. Similar spectral behaviour has been 
observed in many compounds such as NiK2(S0«)2«6H20 [l9], 
Ni(NH4)2(S04)2.6H20 [20], NKOH^)^.(N03)2 [2l] and NiS04.7H20[22] 
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by various workers. They have attributed the disappearance 
of signal due to broadening for various reasons as exchange 
broadening (isotropic and anisotropic), dipolar interaction, 
cross relaxation etc. 
The EPR spectrum along Z-axis is analysed by the effec-
tive spin-Hamiltonian 
H = pH.gT.S^+DCSz - ^ S(S+l)] + E(Sx - Sy) 
+ a/6 [Sx + Sy + S^ - 1/5 S(S+1) (3S^ + 3S - l)] 
+ AS,I, 
where symbols have their usual meaning and S = I = 5/2 for 
2+ Mn . On lowering the temperature of observation to LNT it 
is seen from the Z-axis spectrum (Fig. 10) that the intensity 
of the fine structure component on the higher field side is 
decreasing. Considering the general theory of change of 
intensity on lowering the temperature it can be inferred that 
the higher component belongs to 5/2 — 3/2 and the lower most 
-3/2 -5/2, therefore, D must be taken as positive. In 
agreement with the usual practice that the hyperfine splitting 
constant A is negative in manganese complexes, the value of the 
spin-Hamiltonian parameters were found to be 
D = +276 gauss, A = -93.3 gauss, 
a = 7.8 gauss, E = 158 gauss 
g2= 1.990. 
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The large value of the rhombic component 'E' reveals the 
2+ presence of very low symmetry of the Mn site. 
The observed features in the EPR spectra can be ex-
2+ plained as due to the magnetic interactions between Mn and 
2+ r T 
the host ions Ni following Moriya and Obata [23] and 
Hutchings and Wolf [24]. In the spectrum of Mn in KNiBr2.H20 
we find that the line widths of individual hyperfine components 
associated with various fine structure groups +5/2<—> +3/2 
and +3/2 < ->+l/2 are 13±2 gauss,while those for -5/2 <—•> -3/2 
and -3/2 -1/2 are 24±4 gauss. The line width for the fine 
structure group +1/2 <—^-1/2 is 19±3 gauss. The observed 
line widths with fine structure groups is different from that 
generally observed in diamagnetic hosts, which arises due to 
the broadening effects of the crystal field inhomogenities [25]. 
Also the crystal field inhomogenities generally cause a broaden-
ing of a few gauss only and their effect will not be percep-
tible on the much larger line width. The same type of line 
width variation as has been observed here has been reported by 
Chowdari [26] and Sharma [27] in the RT EPR spectra of Mn^ "*" 
doped Cobalt and Nickel Acetate Tetrahydrate and Gd (S-state 
2+ ion like Mn ) doped in some paramagnetic rare earth tri-
fluorides. In principle, the study of widths and shapes of 
EPR lines can be used to obtain an understanding of the 
interactions between the various ions involved. For a multi-
2+ level ion, like Mn , it is theoretically expected that the 
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line shapes will depend in a complicated way upon the rela-
xation transition probablities between various levels [28], 
2+ The large line widths of Mn resonance lines are likely due 
to the fluctuating magnetic field created by the nickel mag-
netic moment. The complete broadening and disappearance of 
the well resolved 30 lines spectrum may be due to cross 
2+ 2+ . 
relaxation between Mn and Ni ions, 
2+ 
The magnitude of the g-tensor of Mn in KNiBr2«H20 along 
the principal Z-axis is less than the free spin g-value. The 
2+ 
negative shift in the g^-value is, most probably, due to Ni , 
2+ 
which produces a local static magnetic field at Mn ions. 
As mentioned earlier that there is another spectrum seen 
in the region where the main spectrum does not exist and in 
the most favourable circumstances, its only three fine 
structure components are visible with relative separation of 
760 gauss. This can be assigned to another magnetic site for 
2+ + 
Mn in the lattice. The probable site is K and as this 
substitution is not favoured by charge compensation require-
ments, it is not populous. As the relative intensity of this 
component is very weak, this could not be further investigated. 
Conclusions 
The new crystal KNiBr^.H^O has been grown by slow eva-
poration technique of aqueous solution prepared by mixing NiBr2 
and KBr in equimolar ratio. The constituents have been tested 
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chemically and chemical formula verified. X-ray diffraction 
studies show that the crystal is monoclinic (P2i / ) with 
lattice constants: a = 6.00 X, b = 21.28 ^, c = 15.12 % 
and ^ = 99.7 . It has 8 formula units per unit cell. 
2+ EPR study shows that Mn enters the lattice substi-
2+ tutionally and there is strong interaction between Mn and 
2+ 
the host Ni ions resulting into large line width and un-
usual features in the EPR spectra. 
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CHAPTER - IV 
Study of Single Crystal of Strontium Formate Dihydrate 
Introduction 
Both in solution and in solid state usually there exist 
four tp six coordination complexes of copper (II). But there 
are few exceptions also where the coordinations are more than 
six. Among these exceptions are calcium copper acetate hexa-
hydrate [l] and tetra-6 (aminohexanoic acid copper (II) diper-
chlorate) [2] where the coordinations are eight. However, in 
these complexes a set of four nearest oxygens lead to a |xy> 
ground state. A more careful spectroscopic studies revealed 
that a distorted tetrahedral or octahedral molecular structure 
is more appropriate and Cu(ll) is involved in an effective 
eight-coordination environment. In diaquo (2,6-diacetylpyridi-
nebis (semi carbazone)) copper (II) cation has seven coordina-
tion geometry [3]. Nishida et al. [4] have shown that such 
coordination (a pentagonal bipyramidal arrangement) remains 
2 2 intact in solution and for such an arrangement a |3z - r > 
ground state has been suggested. Cadmium acetate dihydrate 
[5] is one of the few compounds having a seven-fold coordination 
2+ 
around Cd forming a distorted square base and trigonal cap 
geometry and copper (II) in such a geometry is suggested to be 
2 2 in Ixy> ground state with some admixture of j3z - r > and 
9 2 |x - y > states [5]. In strontium formate dihydrate (SFDH) 
the cation sites have an eight-fold coordination [6]. 
: 66 : 
2+ 
Electron paramagnetic resonance of Mn in single crystals 
of strontium formate dihydrate was studied earlier [7] in which 
it was observed that at a general position, the crystal gave 
two sets of 30 lines each, which merged into a single set along 
the crystallographic axes. It was concluded that four stron-
tium atoms in the unit cell are divided into two pairs which 
become equivalent when viewed from any principal magnetic axis. 
2+ It was also found that on doping, Mn substitutionally replaces 
strontium. It was thought that the same result could be 
verified more easily by studying the copper doped strontium 
formate dihydrate because of the inherent simplicity of copper 
spectrum in comparison to manganese spectrum. 
Crystal structure 
Strontium formate dihydrate is orthorhombic with space 
group P2,2,2,, having unit cell dimensions, a = 7.332 A, 
b = 12.040 A and c = 7.144 A with four molecules per unit cell 
[6]. In this lattice one strontium ion is surrounded by eight 
exygens (three from water molecules and five from formate 
groups) which form a deformed antiprism around the strontium 
atom. The Sr-0 distance varies from 2.524 to 2.674 A, the 
o 
mean Sr-O distance being 2.615 A. The crystal structure and 
coordination of one strontium with eight oxygens are shown in 
Figs. 1 and 2. 
Experimental details 
Single crystals of SFDH were grown from saturated aqueous 
Fig. 1. Crystal structure of strontium formate dihydrate projected 
in (110) plane (after Galigne [6]). W means oxygen of water 
molecules. 
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solutions at room temperature (RT) and small amount of copper 
formate dihydrate (0.5 wt'/.) was added as the impurity. All 
chemicals used were 'Pro analysi' grade. The crystals grew as 
colourless transparent rectangular blocks. 
The x-ray diffraction study of strontium formate dihy-
drate has already been carried out [6]. We repeated the x-ray 
diffraction studies with the aim of locating the crystallo-
graphic axes and planes for determining the purity of the 
sample. Rotation photograph of the crystal was recorded along 
c-axis which is shown in Fig. 3. The powder pattern is shown 
in Fig. 4. Powder pattern was not analysed in full, only 
first ten lines at low scattering angles were analysed to en-
sure that the substance is pure and has the same lattice 
constants as reported earlier. The partial analysis of diffrac-
tion pattern of SFDH is presented in table 1. The powder 
pattern and single crystal x-ray studies were carried on Radon 
House x-ray diffraction unit with Ni-filter from Cu-target 
working at 30 kV and 15 mA. For rotation photograph and powder 
pattern the cameras employed had diameter of 70 mm and 114.6 mm 
respectively. 
EPR spectra were recorded in three crystallographic planes 
using a sample rotating goniometer, on X-band EPR JEOL Spec-
trometer (Japan Electron Optics Laboratory Co., LTD) at room 
temperature and at various angles by keeping the magnetic field 
parallel in turn to all the faces ac, be and ab. 
Fig. 3 Rotation photograph of strontium formate dihydrate 
crystal along c-axis. 
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Table 1. Partial x-ray diffraction data for 
Strontium Formate Dihydrate. 
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Intensity 
observed 
vs 
s 
w 
vw 
vs 
s 
ms 
ms 
ms 
ms 
2 
Sin 0 
observed 
0.0151 
0.0275 
0.0388 
0.0463 
0.0597 
0.0718 
0.1064 
0.1198 
0.1313 
0.1459 
2 
Sin 0 
calculated 
0.0151 
0.0274 
0.0390 
0.0464 
0.0597 
0.0720 
0.1068 
0.1195 
0.1318 
0.1454 
hkl 
110 
120 
121 
002 
211 
221 
222 
113 
123 
302 
FOOT NOTE:- vs (very strong), s (strong), 
ms (medium strong), w (weak), 
vw (very weak) 
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Results and discussion 
The main results were as follows: (1) A maximum of five 
sets of four lines each could be located which is shown in 
Fig. 5(c). (2) One set stands out prominently (henceforth 
called set 'a') from the other four in terms of intensity and 
angular variation behaviour. The lines of the four sets are 
so weak and jumbled up that they could not be followed in the 
course of angular variation study. (3) In each plane the 
spectra repeated themselves after 180 rotation. (4) The set 
'a' had the following features: the set of four lines collapsed 
into one at two positions 180 apart in each plane. Splitting 
is maximum at 90 from the orientations where the signals have 
collapsed. At a general orientation there is slight difference 
in the spacing between consecutive lines. A few representative 
spectra in be plane are shown in Fig. b. Hyperfine spliting 
and g-value variation in be plane for the set 'a' is shown in 
Fig. 6. The positions of the four lines in the set 'a' along 
with g-values and A values at different angles in all the three 
planes ac, be and ab are given in table 2. In each plane, the 
angles were measured from the position where the signals of 
the set 'a' have collaped. 
The spectrum on the whole is of unusual nature. For 
2+ interstitial Cu (as the four lines collapse in each plane), 
the contact term in the hyperfine interaction is zero, which is 
very surprising. It seems that the hyperfine interaction is 
solely due to direction-dependent electron dipole-nuclear dipole 
2+ Fig. 5. Some representative spectra of Cu in strontium formate di-
hydrate in be plane, A) at 0 (the orientation where the signals 
of set 'a' have collapsed has been taken as zero degree of rota-
tion), B) at 20°, C) at 40°, and the twenty peaks have been 
marked, D) at 55° and E) at 70°. 
a 4(f ecf i2(f lecC 
Angle (degree)- • 
Fig. 6, Hyperfine splitting and g-value variation 
(with angle) in the be plane for the set 'a', 
g-value variation is shown by clotted curve and 
hyperfine splitting variation by solid curves. 
Experimental points are shown by open circles. 
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Table 2, The positions of the lines, values of g and A at 
various angles in ac, be and ab plane for the 
set 'a'. In each plane, the angles were measured 
with respect to that orientation where the signals 
of the set 'a' have collapsed (taking it to be zero 
degree) and for angular variation study the crystal 
was rotated in clockwise direction. 
Angles 
degree 
0 
20 
40 
55 
75 
90 
105 
125 
140 
160 
180 
0 
20 
40 
55 
70 
90 
110 
130 
150 
180 
0 
30 
60 
90 
120 
150 
180 
P 
1 
3073, 
3015, 
2984, 
2959, 
2957, 
2965, 
2990, 
3023, 
3079, 
3042, 
2856, 
2714, 
2614, 
2550, 
2569, 
2683, 
2864, 
2914, 
2664, 
2575, 
2678, 
2906, 
osition 
ines in 
of the 
Gauss 
3118 
3104, 
3068, 
3046, 
3023, 
3019, 
3026, 
2044, 
3066, 
3104, 
3132, 
3115, 
3101, 
3084, 
3079, 
3082, 
3094, 
3107, 
3126, 
3118 
3137 
3089, 
2939, 
2817, 
2722, 
2667, 
2683, 
2798, 
2950, 
3128, 
3019, 
2917, 
2835, 
2789, 
2800, 
2894, 
3033, 
3137 
3122 
2983, 
2772, 
2689, 
2783, 
2983, 
3050, 
2878, 
2806, 
2892, 
3056, 
3122 
ac plane 
3151 
3157 
3148 
3137 
3132 
3134 
3134 
3137 
3134 
be plane 
3161 
3100 
3014 
2944 
2900 
2914 
2997 
3106 
ab plane 
3111 
2981 
2917 
2997 
3122 
g-values 
2.086 
2.090 
2.108 
2.121 
2.134 
2.136 
2.133 
2.124 
2.112 
2.094 
2.086 
2.073 
2.097 
2.184 
2.271 
2.340 
2.387 
2.372 
2.290 
2.179 
2.073 
2.086 
2.159 
2.304 
2.369 
2.292 
2.158 
2.086 
A values 
Gauss 
0 
26 
47 
55 
59 
58 
56 
48 
38 
18 
0 
0 
40 
81 
100 
110 
117 
115 
105 
81 
0 
0 
66 
106 
114 
106 
72 
0 
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magnetic interaction which may reduce to zero for certain 
orientations of the crystal and hence the collapse of the four 
lines of the set 'a'. The usual spin-Hamiltonian [8,9] suitable 
2+ for a Cu ion embedded in a lattice or for interacting pairs 
is not found fit to explain the spectrum. However, the spec-
trum may be interpreted in terms of Jahn-Teller effect. 
Two copper ions seem to be incorporated in the unit cell, 
one substitutionally and the other interstitially. The one 
copper ion going substitutionally in the lattice is surrounded 
by eight oxygen atoms in nearly cubic arrangement [6]. There-
2+ fore the ground state of Cu is a triplet state. If this 
state is subjected to P^ distortion (notations taken from 
Bleaney's book) [9] Jahn-Teller effects leads to splitting of 
this level into four sets which appear to have been stabilized 
probably due to strain [9-12], The four states may give rise 
to four sets of weak overlapping signals in the spectrum. The 
2+ interstitial Cu ion is probably so placed in the lattice that 
it experiences an octahedral crystal with its magnetic axes 
differently oriented from those in the cubic (8-coordination) 
case and thePt distortion of cubic complex is seen by it as 
2+ 
a Po distortion. The Cu ion in the octahedral complex has a 
ground state as doublet and under the effect of po coupling, 
it undergoes rhombic distortion which is probably responsible 
for the four lines in the set ' a' . 
2+ 
For the interstitial Cu ions values of g,, g2 and g-, 
and A-,» Ap and A3 were taken to be 
72 
g, = 2.136 A-, = 58 gauss 
g2 = 2.387 A2 = 116 gauss 
g3 = 2.086 A3 = 0 
These three principal values of g-tensor can be very well 
fitted with the theoretically calculated g-values for a rhom-
2+ bic distortion of an octahedral surrounding of Cu ion due to 
P3 coupling [9] which according to formula are: 
g^ = 2-2-^[Cos a - V"3 Sin a]^, 
^2 ^ 2-2-g-[Cos a + V"3 Sin a] , 
X 9 
g^ = 2-8-9- Cos a. 
If ^/^ (where X = spin-orbit-coupling contant, A = total 
splitting of the ground state in cubic field) is taken to be 
2+ 
-0.05 (a typical value [9] for the Cu ion in octahedral 
field) and a = 65 the theoretical values are g-, = 2.132, 
g^ = 2.396, go = 2.072 which agree well with the experimental 
values. 
A little departure from equidistance between the four 
2+ lines of interstitial Cu ion can be attributed to quadrupole 
effects and second order magnetic hyperfine interaction. 
One very discomforting factor is that even at room tem-
perature tunneling effect among various levels due to Jahn-Teller 
73 
splitting did not take place. But there is an example [13] 
where Jahn-Teller splitting persists upto room temperature. 
Complexity of the spectrum may not be entirely attributed to 
crystal imperfections because the crystals had very uniform 
transparent appearance and even on changing crystals, the 
spectrum remained the same. 
Conclusions 
2+ Electron paramagnetic resonance of Cu ion m 
Sr(HC00)2»2H20 were measured at room temperature. The spec-
2+ trum was interpreted in terms of Jahn-Teller effect. Cu 
is found to be in nearly cubic environment and Pp: distortion 
2+ is responsible for Jahn-Teller effect. The interstitial Cu 
finds itself in octahedral field which undergoes Jahn-Teller 
splitting due to p- coupling. 
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CHAPTER - V 
Study of Single Crystal of Guanidinium Uranyl Sulphate 
Trihydrate 
Introduction 
As in the previous chapter, here-also study of this crystal 
(GUSTH) has been confined to EPR investigations only, because 
the crystal structure has been investigated thoroughly as will 
be discussed later. External morphology and cleavage planes 
were so prominent that there was no difficulty in locating 
crystallographic planes required in EPR study. EPR study was 
2+ 
carried out by doping VO in the crystal which acted as a 
probe. 
Vanadium belongs to the first series transition metal 
group and readily reacts to form a number of oxycations, the 
2+ 
simplest being the vanadyl ion, VO . The chemistry of this 
ion has been reviewed by Selbin [l]. It may be thought of 
as consisting of a V ion with an electronic structure [Ar] , 
1 2- 2+ 
3d and a closed shell oxide, 0 , ion. In this formation VO 
4+ 
contains a single unpaired d electron attached to the V ion, 
and should be similar to the other d configuration ions. A 
2+ large number of studies on the EPR of VO in various host 
lattices have been reported [2-14]. In most of these lattices 
oxygen is the primary coordinating ion and experiments show 
4+ 2+ 
that V ion of the VO is surrounded by a distorted octa-
hedron of oxygens which has preferred V = 0 bond orientation. 
However, in some of the host lattices like alkali and ammonium 
: 77 : 
nitrates [14] and alkali and ammonium halides [6, 13, 15] 
2+ 
and many more^ the V = 0 bond of the VO ion has a random 
orientation. 
EPR investigations in ferroelectrics have been widely-
made in recent years, essentially because the method is much 
easier and much more sensitive in spite of the necessity to 
introduce paramagnetic defects or impurities as probes, by 
irradiation or doping. In many cases [16] these studies 
appeared somewhat deceiving since these were mainly restricted 
to spectroscopic determinations and inconclusive, as far as 
ferroelectricity is concerned. However, in the class of 
hydrogen bonded ferroelectrics, new and important results were 
obtained by this method for the KH2ASO4 (KDA), crystals of 
the KDP (KH2PO4) family, using the (ASO^)^" radical created 
by x-irradiation as a probe [17]. Since VO ions possess 
electric dipole moments, which may interact with the micros-
2+ 
copic internal field at the traping sites, therefore, VO 
ions have been used as a sensitive probe in the EPR study of 
ferroelectrics, Fujimoto and Dressel [18] have made EPR studies 
2+ 
of ferroelectric triglycine sulphate using VO ions as a 
probe. A detailed description of the ground state and the 
nature of the crystalline electric field produced by the 
ligands surrounding the metal ion are supposed to be made 
quite accurately by EPR. As GUSTH is ferroelectric it was 
thought worthwhile to carry out EPR investigation on this 
crystal. </-•"•'•'- " - ^ ^ ' t ^ . ^ -
"••• * ? • • •-
: 78 
Crystal structure 
Guanidinium Uranyl sulphate trihydrate, (S04)2U02. 
[C(NH2)3]2*^^2^ ^^ monoclinic with space group Cc or C2/c 
with four formula unit. The unit cell dimensions are 
a = 11.220, b = 8.027, c = 18.681 A, P = 101° [l9]. The 
U atom is surrounded by a pentagonal bipyramid of 0 atoms. 
The upper half of the coordination polyhedron is related to 
the lower half by the two fold axis which bisects the penta-
gonal base through the U atom and a water molecule coordinated 
to it, thus forcing the uranyl group to be strictly linear. 
The sulphate group acts as a bridging ligand, joining bi-
pyramids together with only two kinds of 0 atoms [namely 0(l) 
and 0(3)] involved in the bridging process. The gap between 
the layers is filled with guanidinium cations and remaining 
water of crystallization. The U-0 distances lie between 
1.75 A to 2.50 %. 
Experimental details 
Single crystals of GUSTH were grown by slow evaporation 
method from a saturated aqueous solution at room temperature 
(RT). Well developed crystals, tabular on (001) were ob-
tained. The crystals showed a perfect cleavage on (001). 
The dopant was introduced in the form of aqueous solution of 
vanadyl sulphate during growth. 
EPR spectra were recorded on x-band ('•^ 9.4 GHz) EPR 
spectrometer (Varian model E-109) with 100 KHz field modulation. 
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Angular variation study of EPR spectra about three orthogonal 
axes a, b and c' where c' = a x b was done by using a gonio-
meter (Varian model E-229) fitted to a multipurpose rect-
angular cavity (Varian model E-231) operating in TE-,Q2 mode 
and unloaded Q> 7,000. The 100 KHz field modulation amplitude 
was kept below 0.05 mT peak to peak (p-p). The magnetic field 
was calibrated by using a digital gaussmeter (Varian model 
E-500). The microwave resonant frequency was determined by 
using a standard field marker (DPPH, g = 2,0036 ± 0.0002). 
EPR spectra at liquid nitrogen temperature (LNT) were re-
corded by immersing the sample into liquid nitrogen in a quartz 
dewar fitted to rectangular cavity. 
Theory of VQ^ "*" ion 
2+ 
In vanadyl (VO ) containing materials including com-
plexes in solution, the vanadium is usually coordinated with 
other groups, particularly with oxygens. The total coordina-
tion number for vanadium in these complexes is usually six 
but sometimes five as well and one very short V = 0 bond 
2+ r 1 
generally preserves the identity of the VO ion L1-20J. For 
2+ 
example in the complex V0(H20)R the vanadyl ion has six-fold 
coordination, and neglecting the effect of hydrogen atoms the 
symmetry of the complex is 04^. Such a complex has four 
ligands in a plane with vanadium to oxygen (V-O) distance of 
o 
1.67 A, and a sixth ligand which is trans-with respect to the 
VO corresponds to a V-O distance of of 2.40 A. This sixth 
ou 
ligand which is most weakly bonded in vanadyl complexes has 
little effect on the magnetic and optical properties of the 
complex [21], However, through EPR studies of different 
vanadyl complexes it has been shown that if it is a good 
donor the sixth ligand, slightly weakens the bonding of the 
vanadyl ion [22]. Weakening of the axial bond allows stronger 
in-plane c-and n-interactions and thus causes a slight 
decrease in the isotropic hyperfine coupling constant 
AQ = (A^ + AX + Ay)/3 [22], Hydrogen bonding has also been 
found to give a similar result [22], 
Analysis of the spectra 
<p • 1 Q 1 
The VO ion has the electronic configuration [Ar] • 3d . 
For the single unpaired electron (S = 1/2) interacting with 
a single nucleus [l = 7/2], the following spin-Hamiltonian 
can be used. 
H = p i\g'.B + he S.A.I* ... (1) 
where the first and second terms are the electron Zeeman and 
nuclear hyperfine interactions respectively. The position of 
the observed allowed hyperfine transitions (^m = O) are ob-
tained by solving equation (1) under the assumption that g and 
A are axially symmetric (gxx ~ 9yy ~ ^X ^^'^ ^zz ~ ^M » ^'^^ 
Axx = Ayy = Aj. and A^z = A\\ ) and correct to second order, are 
given by Bleaney [23] ; 
Bm = Bo - 10. - 1 ^ [ i ^ ] (63 - 4^2) 
m2 r^ A^ ^^  - AJ) CI,, g^ Sin 29^^ 
where BQ = h'O/gP, "x) being the microwave resonant frequency 
g^ = 9^\ Cos^O + g^Sin^e 
K^g^ = A^ v g^ Cos^O + AJ. g2 Sin^Q 
m = -7/2 , 7/2; 
Bjn is the resonant field for the m <—> m hyperfine transition 
and 0 is the angle between the symmetry axis of the vanadyl 
complex (i.e.^V = 0 bond) and the magnetic field B. 
Results and discussion 
2+ The spectra of VO ion doped in GUSTH showed two intense 
sets of eight lines apart from some weak lines, when the mag-
netic field B was away from the crystallographic axes in be', 
ac' and ab planes. We have not followed the weak spectra. 
These two intense sets of eight lines show two magnetically 
inequivalent vanadyl complexes present in the host lattice. 
These sites become equivalent along the three orthogonal axes 
and show a single set of eight lines, Fig$. 1 to 3. The 
spectra when B is 2° and 5° away from b axis in be plane are 
shown in Figs. 4 and 5 respectively. Figs. 6 and 7 show the 
spectra when B is along c* axis and 2° away from c' axis in 
ac' plane. Figs. 1, 2 and 3 show the angular variation of the 
field positions in the three orthogonal planes be', ac' and ab 
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respectively. For arbitrary orientation two sets of eight 
hyperfine lines were observed. 
2+ 
If VO enters substitutionally the crystal struc-
ture of GUSTH requires that four symmetry related equivalent 
orientations given by the space group symmetry operation 
should be obtained. In an arbitary orientation there should 
be four sets of eight hyperfine lines each. The observation 
of only two distinguishable vanadyl complexes,namely, complex I 
and complex II (2 sets of 8 hyperfine lines each shown in 
Fig. 4 to 7) indicates that these vanadyl complexes results 
from interstitial incorporation of vanadyl ions in the host 
lattice. As only two sets of eight hyperfine lines were 
observed in all planes the substitutional incorporation of 
2+ VO seems unlikely. No appreciable change was observed upto 
liquid nitrogen temperature. 
The EPR spectra of VO^ "*" doped GUSTH have been analysed 
using the spin-Hamiltonian (1). The parameters obtained for 
both the complexes are same within experimental errors and are; 
( A values in units of 10~ cm" ) 
A^x = 193 ± 1 , Ax = 76 ± 1 
g„ = 1.938 ± 0.001, g^ = 1.983 ± 0.001 
Considering the eigen vectors of GK matrix, the V = 0 bond 
directions are defined with respect to a, b and c' axes res-
pectively in Fig. 8. Within experimental errors the spin-
Hamiltonian parameters are found to be axial and same for both 
Fig. 8. V=0 bond directions with respect to a, b 
and c' 
VOj is 
axes for complex I and 
the V=0 bond direction 
I and VO-j-j for complex II 
complex II, 
for complex 
: 83 
the vanadyl complexes namely I and II. 
The Fermi contact parameter k and the dipolar interac-
tion parameter P are estimated from the following expressions 
[2b?26] 
A = P[-p2 ^4/7 + k) + (g^ ^ - ge) +(7)(gx- ^ e)] ••• (3) 
A = P[P^ (2/7 - k) + (^) (gj_- ge)] ... (4) 
where gg = 2,0023 and p2 ^ ^ taken as unity [25]. Substi-
tuting the values of gjj, g^ ,^ A^ and k^ in the above equations 
-4 -1 
we get P = -127 x 10 cm and k = 0.86. The parameter 
'P' is a measure of the radial distribution of the unpaired 
electron wave functions and is given by 
P = 2.0023 g^P^N <^ ~^ > ••• (^ ) 
_3 
from which one obtains <r > Cs 2.92 au. 
_3 
The calculated value of <r > = 2.92 au is rather low 
compared to the theoretical free ion value <r~ > = 3.67 au[27]. 
_3 
Such a reduction in <r > in the solid state is often attri-
buted to bonding effects. 
Conclusions 
2+ 
VO enters the GUSTH interstitially at two distingui-
shable sites and the resulting vanadyl complexes have nearly 
.axial symmetry. The large value of k indicates a large con-
tribution to the hyperfine constant by the unpaired S-electron 
and probably also the contribution from spin polarization. 
: 84 
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